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Stellite 6 powder was deposited by laser cladding on a variety of ferritic and austenitic steel 
substrates: medium carbon steel, nickel-based superalloy, martensitic stainless steel, 
austenitic stainless steel, and the chromium-bearing creep resistant alloys P22 and P91. Two 
laser powers were used:  1 kW and 1.8 kW. The chemical compositions and microstructures 
of these coatings were characterized by atomic absorption spectroscopy, optical microscopy 
and scanning electron microscopy. The microhardness of the coatings was measured and a 
pin-on-plate (reciprocating) wear testing machine was used to determine the wear rate for 
each coating.  
 
The results showed less cracking and pore development for Stellite 6 coatings applied at the 
lower power input (1 kW) for all of the steel substrates. The surface topography data also 
showed a lower level of surface wear for coatings deposited at the lower power input.  
 
The wear test results indicated that the weight loss for 1 kW laser power was much lower 
than for the higher power (1.8 kW). Calculations of the dilution of the coating indicated 
lower dilution of the Stellite coatings using the lower laser power. In particular, the lower 
dilution of the alloy content resulted in a higher coating C content. It is concluded that the 
better wear resistance of coatings produced with lower power is due to the higher hardness 
resulting from a higher coating C content. Carbon increases hardness by interstitial solid 
solution strengthening and increased formation of alloy carbides. The wear loss as a function 
of coating hardness was found to correspond closely to an exponential relationship with a 
high correlation coefficient. A similar close fit with an exponential relationship was obtained 
for wear loss and estimated coating carbon content, consistent with the linear relationship 
found between coating hardness and carbon content.  
 
The type of alloy steel substrate was also found to exert an influence on the wear 
performance of the Stellite coating. In particular, low carbon austenitic substrates (the nickel-
based superalloy and the austenitic stainless steel) exhibited high wear losses, whilst higher C 
martensitic/bainitic steel substrates showed significantly higher coating wear resistance.  
These results correlated reasonably well with the substrate hardness and less strongly with the 
hardness of the heat affected zone (HAZ) underlying the coating. The hardness of the HAZ 
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and its substrate microstructure increased with increasing C content, which also resulted in 
reduced loss of C by dilution of the Stellite coating.  
 
It was found that the nominal composition, microstructure and hardness of bulk (all-weld) 
deposits of Stellite 6 offer limited guidance to its composition, structure and properties in thin 
layers deposited on a steel substrate. The coating-substrate couple must be considered in 
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Stellite 6 is a very versatile material that is used for hardfacing of various component parts 
for applications requiring wear resistance (Cobal-Base Rods, 1982). The microstructure of 
Stellite 6 contains hard M7C3 carbides in interdendritic regions in both as-cast and as welded 
conditions (Antony, 1983). Stellite alloys also contain a hard Laves phase in a softer matrix 
of eutectic or solid solution, which is useful for unlubricated wear conditions (Tribology T-
900 Technical Data, 2002).  
 
Surface alloying is usually carried out by advanced techniques such as laser cladding due to 
the significant advantages of fast processing speed, relative cleanliness, a very high 
heating/cooling rate (105 K/s) and  high solidification velocity (up to a maximum of 30 m/s) 
(Majumdar et al., 2009). As a result, the process has a low energy input and causes less 
distortion of the component than arc welding. Laser cladding is an advanced coating 
technology which is used to deposit a thin surface coating of controlled thickness on certain 
areas of a steel substrate (Tribology T-900 Technical Data, 2002). Steen (1986) and Bruck 
(1987) have reviewed laser cladding processes. In the coaxial laser cladding process, metal 
powder is injected through a nozzle, which is coaxial with the laser beam. The powder 
absorbs laser energy and become partially melted before reaching the substrate. Part of the 
laser energy is also absorbed by the substrate to cause surface melting, forming a strong 
metallurgical bond between the substrate and the clad layer. Laser clad layers can be 
produced that are defect-free and result in low dilution and a small heat affected zone in the 
substrate (Monson and Steen, 1990).  
 
Wear of engineering components is a topic of substantial commercial significance. As a 
consequence, considerable effort has been applied to understanding the causes and effects of 
wear and the implication for engineering systems. Studies of wear have been directed at two 
main areas (Gates and Yellets, 1988). The first approach is to focus on the collection of 
performance data for use in materials selection while the second is to improve wear resistance 




Wear resistance is not solely a material property (Lipson, 1987). It describes the behaviour of 
materials in contact, and so the environment surrounding the contact (gaseous, particulate, 
thermal), the type of relative motion, the loading and the geometry of the interference also 
have important effects. Therefore, it is not unusual to find different wear behaviour for the 
same material in different tests or applications (Anon, 1992).  
 
There are many types of wear, including adhesive wear, abrasive wear, fretting wear, fatigue 
wear and corrosive wear (Bragin, 1972). Adhesive wear occurs mostly in metals which have 
a smooth surface finish and where the sliding members have similar hardness values.  
 
The main purpose of this study was to evaluate the sliding wear characteristics of Stellite 6 
coating materials produced by laser cladding of substrates consisting of mild steel, nickel 
superalloy, martensitic stainless steel, austenitic stainless steel, P22 and P91. The effect of 
laser power on the structure and properties of the coatings was also assessed by using two 
laser power inputs: 1 kW and 1.8 kW. The potential practical consequences of this work are 
to provide insights into materials selection for optimum wear resistance of Stellite coated 
steels.  
 
The sliding wear tests were carried out on a flat sample in an unlubricated (dry) condition 
using a reciprocating wear tester with a tool steel ball. Two test loads were used: 2 kg and 5 
kg. The substrate used for deposition of the Stellite coating was varied to ascertain the effect 
of substrate composition, structure and properties on the wear performance of the coating. 
 
The results of this study provide insights into the wear resistance of different steel substrate 
materials after laser cladding with Stellite 6 powdered alloy. Modification of the composition 
of the coating by the steel substrate and different laser powers is shown to have a marked 
effect on wear resistance. This information is potentially useful for industrial surface 













2.1 ABRASIVE WEAR AND ITS CLASSIFICATION 
 
Abrasive wear is one of the most important and costly problems faced by industrialized 
economies. Abrasive wear costs industrial nations 1-4% of their Gross National Product. It is 
a massive problem that occurs in mining, materials handling, earthmoving, mineral 
beneficiation, rock drilling, agriculture and in equipment such as machinery, hydraulic 
systems, extrusion dies, rolling mills, and in any systems in which metal comes into contact 
with other metals or materials. Abrasive wear is identified as the wear due the penetration of 
hard particles or surface asperities of one solid into the surface of a softer solid, during 
sliding contact or contact by impact. The result is the ploughing or cutting of material from 
the softer surface (Tylczak, 2000). 
 
The abrasive wear processes are initially divided into two major groups - two body and three 
body abrasive wear. Two body abrasion is mainly encountered in material removal 
operations, while three body abrasion is mainly found in agricultural and industrial 
equipment. In two body abrasive wear, a rough surface or fixed abrasive particles or a tool 
slides across another surface removing material in the process. Loose particles move relative 
to one another and possibly rotate, while sliding across the surface and removing material in 
the process.  
 
In three body abrasive wear, loose abrasive particles are trapped between two surfaces, which 
together with the abrasive particles form the three bodies. Wear volume is typically about one 
to two orders of magnitude smaller in three body abrasion than in two body abrasion. 
 








Figure 2.1 Diagram showing two body and three body abrasive wear (Gahr, 1987). 
 
2.1.1 Two Body Abrasion 
 
Two body abrasion occurs through various mechanisms and causes damage to the surfaces 
through processes such as scratching, plastic deformation and cutting. Khruschov and 
Babichev (1990) suggested that the two processes which take place during two body wear are 
formation of: 
- plastically impressed grooves with no metal removal; and 
- microchips due to metal removal. 
 
Some abrasive grains merely make elastic contact with the surface (Kragelsky, 1985 and 
Badse, 1988 and Graham and Baul, 1982) whereas others deform the surface and can remove 
material. Sedrik and Mulhearn (1983) found that the inclination of the cutting face and its 
orientation are critical in determining chip formation. The critical angle, in turn, depends on 
the material unexposed to wear and is determined by the coefficient of friction between the 
contacting surfaces, which in turn depends on the particle shape (Goddard and Wilman, 
1962). 
 
2.1.1.1 Mechanisms of Two Body Abrasive Wear 
 
Wear of a material under a two body regime is a complex phenomenon with several wear 
processes operating simultaneously. The main mechanisms leading to material removal are 









During microploughing, the material is plastically deformed and displaced to the sides, 
forming ridges along the grooves. The material removal takes place through low cycle 
fatigue, with many abrasive particles acting simultaneously. Microploughing may often 




During microcutting the material is removed in the form of wear debris as microchips. The 
volume of material removed is equal to the volume of the wear groove produced, with pure 
microcutting action. This process occurs in mechanical machining, where ribbon like chips 
are the products of the cutting action. Mulhearn (1992), Samuels and Sedrick et al. (1994) 
proposed that material detachment only takes place during microcutting when the attack 
angle of the hard abrasive particle is greater than a critical angle. This critical angle is a 










During microcracking, highly concentrated stresses are applied by the abrasive particles 
leading to the formation and propagation of cracks. This type of wear is usually accompanied 
by a large amount of wear debris becoming detached from the surface. The wear volume is 
generally larger than the groove volume and is strongly influenced by material properties 
such as fracture toughness, and hard phase distribution. Zum Gahr (1987) reported that brittle 
materials, such as steels with a martensitic structure, undergo microcracking.     
 
The ratio of volume of material removed as wear debris to the volume of wear groove is 
described as Fab (Figure 2.3): 
 
Fab = [Av – (A1 + A2)] / Av 
 
where Av = Cross-sectional area of groove; and (A1 + A2) = Cross-sectional areas of material 
pushed to the sides by plastic deformation. 
 
For ideal microploughing to take place, Fab = 0; and for ideal microcutting to occur Fab = 1. 
Microcracking usually occurs in brittle materials and Fab> 1. For most other materials the 
value of Fab ranges from 0.15 to 1 (Zum Gahr and Mewes, 1983). 
 
It has been observed that microploughing and microcutting are the dominant wear 









Figure 2.3 Theoretical model for calculating Fab values. (a) Plastic deformation around an abrasive particle  
in sliding contact during wear.( b) Cross-section through the wear groove and the definition of Fab (Gahr, 1987). 
 
Both these processes are associated with a high degree of deformation and large strains on the 
worn surface (Zum Gahr and Doane, 1990 and Kimora and Masimoto, 1990). Zum Gahr 
(1987) asserts that the transition from microploughing to microcutting depends on the 
properties of the worn metal and the operating conditions. Lemaire and Backofen (1992) 
consider that predominant microploughing changes to predominant microcutting as a result of 
the increasing hardness of the worn metal. A further increase in hardness results in a 
transition from microcutting to microcracking, as evaluated in very brittle materials for which 
the plastic deformation zone exceeds a critical value, resulting in cracking. 
 
2.1.2 Three Body Abrasion 
 
Three body abrasion is also identified as grinding wear, and it manifests itself in 
combinations and grinding industries. The three bodies involved are two component materials 
which trap loose abrasive particles between them. This type of wear occurs under the 
condition of low load and is governed by the properties of the abrasive and the materials 
against which the particles are rubbing. The hardness ratio of the abrading particles and the 
material surface is of critical significance during this process. For appreciable wear of the 
material to occur the abrasive must be harder than the material. The surface hardness is 
important as well, in blunting the sharpness of the cutting points of the abrasive particles. 
Three body abrasion is subdivided into closed and open types. 
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In a closed three body abrasive wear, loose particles are trapped between two rolling or 
sliding surfaces, which are close to each other. As a result, the particles indent and settle into 
a softer surface, subsequently causing abrasive wear. This type of wear situation resembles a 
two body situation in many ways. An example of closed three body wear is a Jaw Crusher, as 
shown in Figure 2.4.  
 
Open three body abrasion takes place when two surfaces are far apart, or if only one of the 
surfaces is actively involved in the wear process. This type of wear occurs in many 
conditions, and can be further subdivided into gouging, and high stress and low stress cases 




Figure 2.4 (a) Open and (b) closed three body abrasion (Tylczak, 2000).  
 
Gouging occurs when coarse material, such as rocks, cut into a material and remove large 
amounts of material. It usually happens in impact type pulverisers and shovels digging into 
rock piles. Extensive work was conducted by the Climax Molybdenum Company by Borik 
and Diesburg (1984). They evaluated that a small increase in carbon in the range of 0 to 
0.8%, considerably improves the abrasion resistance. Beyond 0.8% the abrasion resistance 
increases more slowly with the carbon content. Most austenitic manganese steels and 
chromium white irons fall in this category. Austenitic manganese steels are principally used 








2.1.2.1 High Stress Abrasion 
 
Heavy tonnages of ferrous materials are used under conditions of high stress, open three body 
abrasion in various types of grinding mills. Ball mills, which are used for grinding metals and 
minerals, account for a major proportion of equipment exposed to open three body wear. The 
mining industry has extensively studied the materials for grinding balls, using various testing 
procedures. For steel grinding balls of varying composition, the surface hardness and the 
microstructure strongly influence their properties (Metals Handbook, 1985). For a given 
microstructure the wear rate increases directly with decreasing hardness. However, with 
different microstructures at the same hardness, there is a marked difference in wear rate. It 
has been concluded that untempered martensite or martensite tempered below 450C, has 
excellent wear resistance. Bainitic structures have a similar wear resistance if they have 
approximately the same hardness.      
 
2.1.2.2 Low Stress Abrasion 
 
The most common occurrence of this type of wear is in earthmoving, mining, agriculture and 
coal hydrogenation processes. It is also the most commonly found type of abrasive wear in 
machine parts and is also the least understood. During low stress abrasion the applied stresses 
do not exceed the fracture stress of the abrasive. Plastic deformation takes place with very 
little work hardening and the wear rates are low. In order to stimulate industrial conditions, a 
rubber wheel abrasion testing is frequently used to study low stress abrasive wear. 
 
2.1.3 Correlation Between Two Body and Three Body Abrasive Wear 
 
For both two body and three body abrasive wear of pure metal, the wear rates are directly 
proportional. Another common factor is that for both processes, an increase in hardness of the 
material by work hardening does not increase its abrasion resistance. It is also known that the 
hardness of the abrasive has the same effect on both two and three body abrasion. If H is the 
hardness of the material and Ha is the hardness of the abrasive, wear rate is constant if 
H/Ha<0.8, and is very low if H/Ha>1.2. 
 
However, there are important differences between the two processes as well. For two body 
abrasion the weight loss is usually found to be proportional to applied load, whereas for the 
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three body abrasion the weight loss first increases non-linearly with load and then increases 
linearly. During two body abrasive wear the wear rate is independent of the distance travelled 
and no incubation period is evaluated, whereas in three body abrasion there is an initial 
incubation period after which a steady wear rate is recorded.         
 
2.1.4 Properties Influencing Abrasive Wear 
 
Wear behaviour of materials is dependent on mechanical and physical properties such as 
hardness, ductility, work hardening, mechanical stability, fracture toughness and on the 
microstructure of the materials. 
 
2.1.4.1 Influence of Hardness 
 
Although the surfaces of some materials will be covered by hard oxide layers, hard abrasive 
particles have a tendency to penetrate oxide layers. One such commonly found hard abrasive 
in many tribo-systems is quartz sand. It has hardness value between 900 HV to 1300 HV, and 
it can abrade the hardest steels. An abrasive is considered to be hard if its hardness is 20% 
more than the hardness of the stressed material in the worn conditions, and 50% more in the 
unworn conditions.  
 
Tabor (1981) has found that hardness is the most important mechanical property of a wear 
resistant metal. Moreover, work by many researchers (Kruschov, 1987, Ricahrdson, 1987, 
Badse, 1989 and Moore, 1984) shows that the wear resistance to hard abrasives substantially 
depends on the hardness of the wearing material. However, hardness is only an indicator of 
abrasion resistance and materials with the same hardness can exhibit differences in their 
abrasion resistance.  
 
Moore and Swanson (1983) pointed out that the wear resistance of a material is more 
sensitive to the hardness of the worn surface than to the hardness of the unworn surface. This 
is because of work hardening which takes place during the plastic deformation which 
happens during wear. As a result, the hardness of the bulk material sometimes fails to be a 
true indicator of abrasion resistance. Hardness can predict the wear resistance of a material if 
the ratio of microcutting to microploughing, as indicated by the Fab value, is constant. Pure 
metals have a relatively good abrasion resistance due to their low Fab values which reflect 
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micro-deformation rather than microcutting. Therefore, pre-deformation of pure metals to 
improve the abrasion resistance may not be useful because deformability decreases with pre-
deformation due to strain hardening, thereby increasing Fab. Moreover, work hardening 
occurs dynamically during wear, with or without pre-deformation (Moore, 1984). 
 
Therefore, it is proof that abrasive wear resistance is not a simple linear function of the 
hardness of deformed or undeformed metals, but it depends also on other factors. 
 
2.1.4.2 Influence of Work Hardening and Ductility 
 
Many researchers agree that the hardness of the undeformed material cannot be used to 
predict abrasion resistance. Zum Gahr (1987) concluded that materials showing low work 
hardening exhibit a low abrasive wear resistance, relative to their bulk hardness. Richardson 
(1987) reported that the hardness ratio between the worn surface and the unworn surface is a 
measure of the work hardening due to abrasion. Work hardening affects both the width of the 
wear groove and the ratio of microcutting to microploughing. The groove width and the Fab 
value are found to decrease with increasing work hardening during abrasive wear, for a given 
yield stress or bulk hardness. 
 
Ductility can be defined in the context of wear as the capacity for plastic deformation during 
abrasive wear, and it strongly affects the ratio of microcutting to microploughing. This ratio 
decreases with increasing ductility of the material subjected to wear. Ductility is a very 
important factor in the abrasive wear of harder and more brittle materials (Zum Gahr, 1987). 
 
2.1.4.3 Influence of Mechanical Instability 
 
Mechanical instability can occur due to structural changes taking place during mechanical 
action. Austenitic steels, for example, are known for instability under stress because stress-
induced and/or strain-induced phase transformation can occur. Hadfield’s manganese steel, 
which is well known for high toughness and good impact abrasion resistance, also undergoes 
a strain-induced transformation from austenite to martensite during abrasion. Studies of these 
steels have shown that abrasive wear resistance increases strongly with volume fraction of 
unstable austenite. This effect occurs because of increased work hardening, accompanied by 
transformation induced plasticity and also because of effects due to compressive residual 
12 
 
stresses (Zum Gahr, 1987). Precipitation-hardened alloys in the under aged structure may also 
soften due to plastic deformation during abrasion. 
 
2.1.4.4 Interdependence of Wear and Microstructure 
 
Microstructures of engineering materials depend on many parameters during their processing 
history, such as composition, and the thermal and mechanical treatments. The microstructure 
of materials is of significant importance and features such as the phase structure,  inclusions,  
precipitates for hardening, crystal defects chemical segregation, grain texture and 
microstructural heterogeneity, can influence the resistance to abrasive wear. 
 
2.1.4.5 Effect of Inclusions 
 
Most inclusions in metallic materials are compounds such as oxides, silicates, aluminates or 
sulphides and are normally present as idiomorphic or irregularly shaped regions. Elongated 
hard inclusions act as stress raisers in brittle materials. Studies by Zum Gahr (1987) on 0.94% 
carbon steel, to determine the influence of alumina on abrasive wear, revealed that with 
increasing alumina content, the abrasive wear also increased. There was also a size effect: 
samples with larger alumina particles (70-200 m), exhibited lower wear losses than those 
with smaller (<10 m) alumina particles. Evidently, the presence of alumina is harmful, but 
the presence of larger alumina particles is less harmful than smaller particles for a given 
volume fraction of inclusions. 
 
2.1.4.6 Influence of Second Phases on Hardening 
 
Second phases such as precipitates of intermetallic compounds or carbides and nitrides are 
important for strengthening of alloys, but are only moderately successful in improving the 
wear resistance. Studies by Wilman and Lin (1989) described that intermetallic precipitation 
leads to unimportant improvements in wear resistance, compared to transformation 
hardening. 
 
Many wear resistant steels contain carbides of different types, shapes and volume fractions. 
About 18 volume % of alloy carbides is present in tool steels, with about 45 % in chromium 
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alloyed white cast iron. The indentation hardness of carbides is generally 3-4 times higher 
than the matrix. The size, shape and bonding of carbides to the matrix are of importance to 
abrasive wear. A matrix is usually considered to be soft when its hardness is much lower than 
that of the carbides. It is found that carbides embedded in a soft matrix substantially reduce 
the abrasive wear loss (Moore and Rigney, 1980, Berns and Trojahn, 1985, Diesburg and 
Borik, 1984). 
 
High Cr-Mo white cast irons are valued for their low wear loss. They are commonly used in 
slurry pumps, mill liners, liner plates and other parts of mining and earthmoving equipment. 
Their high wear resistance is mainly because of the large primary or eutectic carbides of the 
(Fe,Cr)7C3 type, which are normally present in a predominantly austenitic or martensitic 
matrix. An increase in the volume of massive carbides results in an increase in the hardness 
of these cast irons. 
 
Zum Gahr et al. (1980) studied the effect of carbide volume and matrix structure of Cr-Mo 
white cast irons, on the resistance to abrasive wear. They concluded that for lower carbide 
contents, austenitic white irons show lower wear loss than martensitic irons, whereas for 
irons containing large volume fractions of carbide, a martensitic matrix is superior. They also 
showed that an austenitic matrix can result in lower wear losses, if it is susceptible to work 
hardening, by partially transforming to martensite during abrasion. Therefore, a 
metallurgically metastable matrix is preferred for reducing wear. Observations by Zum Gahr 
(1987) on the effects of type of abrasive on wear loss demonstrated that for softer abrasives 
such as 80 mesh flint and 80 mesh alumina, the wear rate decreased with increasing carbide 
content of the steel. Conversely, wear loss was found to increase with increasing carbide 
volume when hard SiC particles were used. Zum Ghar (1987) stated that this phenomenon is 
due to the change in wear mechanism from microploughing and microcutting, to 
microcracking, with increasing hardness of the abrasive. When the hardness of the abrasive 





Figure 2.5 Diagram shows abrasive wear volume loss and hardness of white cast irons as a function of 
volume fraction of massive carbides (Zum Gahr, 1987). 
 
A wet rubber wheel test carried out by Borik (1990) on white cast irons, Figure 2.5, illustrates 
that the wear loss of austenitic and martensitic irons decreases to a minimum with increasing 
carbide volume up to 10%. Beyond this amount, the abrasive wear loss increases, because of 
microcracking and spalling of the massive carbides. For the same carbide volume, grooving 
has been found to be deeper for a matrix of austenite compared with martensite. At 10% 
volume fraction of carbide deep grooves were observed whereas, at 30%, the grooves were 
shallower, and at 41%, pits were formed because of spalling of the massive carbides. 
 
2.1.4.7 Influence of Matrix Microstructure 
 
The abrasive wear resistance of a multiphase structure normally depends on the properties of 
the matrix, the properties of the constituents embedded in the matrix, and the interaction 
between all the phases involved. 
 
The stacking fault energy is particularly important for abrasion resistance. Materials with a 
low stacking fault energy exhibit limited cross-slip, leading to increased dislocation densities 
(work hardening). Consequently, microcutting becomes the dominant wear mechanism. 
Nickel has higher stacking fault energy than austenitic iron and it shows a substantially 
higher abrasion resistance as a result of decreased microcutting  
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As mentioned previously, increasing the carbon content in steel generally decreases the 
abrasive wear loss. Studies by Diesburg and Borik (1984) illustrated that abrasive wear loss is 
strongly dependent on carbon content in the range of 0 to 0.8%. Moore (1984) also concluded 
that a slight increase in carbon content substantially decreases the abrasive wear loss. 
However, above 0.8%, the abrasive wear rate decreases more slowly with increasing carbon 
content. It is therefore evident that the abrasive wear loss does not linearly depend on the 
carbon content, and that the influence of the microstructure must also be taken into account. 
 
Spheroidal carbide, resulting from the tempering of martensite, results in higher ductility than 
that of a spheroidized ferrite-pearlite structure, due to the relative fineness and more uniform 
distribution of carbide in tempered martensite (Metals Handbook, 1985). Larsen, Badse and 
Mathew (1989) stated that work hardening as a result of deformation decreases in the 
microstructural  sequence: ferrite,  spheroidized pearlite, lamellar pearlite; with the abrasive 
wear resistance increasing in the reverse sequence: lamellar pearlite, spheroidized pearlite, 
ferrite. 
 
It is generally accepted that abrasive wear resistance increases in the sequence: 
martensite> martensite + cementite > pearlite > pearlite (lamellar) + ferrite > spheroidal 
cementite + ferrite > ferrite. However, at the same hardness, austenite exhibits higher wear 
resistance than ferrite-pearlite, and bainite exhibits better wear resistance than martensite-
cementite. This latter effect occurs because tempering of martensite results in a strong 
decrease in the matrix hardness, leading to an increase in wear loss. The higher wear 
resistance in bainitic steels is also due to the high volume fraction (up to 20%) of retained 
austenite, compared to (6%) in tempered martensite. However, retained austenite can be 
harmful if abrasive wear is accompanied by impact or fatigue.  
 
The wear resistance of martensite increases with increasing hardness and is further enhanced 
by alloying, or by carbides such as M7C3, M3C and MC. Metastable austenite is also very 
effective in decreasing abrasive wear, if it can transform to martensite during abrasion. 
 
2.2 HIGH CHROMIUM IRONS 
 
High chromium irons have a distinct advantage in abrasive wear applications (Fulcher and 
Kosel, 1983). Their composition is adjusted so that they contain moderate amounts of 
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chromium and solidify to produce massive chromium rich carbides, in an austenite matrix 
with a reasonably good hardenability. The austenite can be transformed to martensite by heat 
treatment. 
 
Although chromium bearing white irons are extensively used, complicated heat treatments 
need to be implemented to produce a structure that confers first rate abrasion resistant 
qualities. Studies of the structure in the as cast condition are therefore particularly important, 
since the as cast structure defines the heat cycle necessary for optimum heat treatment (Dupin 
et al., 1982). 
 
The three important advantages of chromium in cast irons is, a) formation of carbides, b) 
increased corrosion resistance, and c) stabilization of the structure for high temperature 
applications. Chromium additions up to about 10% stabilize the pearlite in grey iron and 
influence the fineness and hardness of the eutectic carbides. When chromium is greater than 
10%, eutectic carbides of type M7C3 are formed, and there is a significant change in the 
solidification pattern. The M7C3 carbides are surrounded by an austenitic matrix or its 
transformation products (Metals Handbook, 1985).  
 
Avery (1984) reported that the outstanding wear resistance of high chromium white irons is 
due to M7C3 type chromium-rich carbides. However, these carbides are brittle, and the degree 
to which they are supported by the matrix determines their cracking susceptibility during 
abrasion (Pickering, 1991). 
 
The carbide volume fraction plays a significant role in determining the abrasion resistance. 
Fulcher (1983) investigated the wear resistance of hypo- and hyper-eutectic cast irons using 
two different abrasives, quartz and alumina. Alumina which has a hardness of approximately 
2000 kgf/mm
2
, is comparable to the hardness of the M7C3 carbides in white irons. Quartz on 
the other hand has a hardness of 1000 kgf/mm
2
, and is softer than the carbide. It was 
observed that the wear resistance increased with increasing carbide volume fraction for both 
abrasives. The retained austenite matrix in the hypo-eutectic alloy was preferentially removed 
during wear testing and the hard eutectic M7C3 carbides stood out in relief. The wear 





For hyper-eutectic alloys, decreasing wear resistance with increasing carbide volume fraction 
has been recorded, due to cracking of massive primary carbides. Diesburg and Borik (1984) 
also investigated that fine eutectic carbide structure induced by a high solidification rate, 
decreased the wear resistance of white irons, proving that carbide morphology is important 
along with carbide volume fraction, for wear resistance. 
 
Karl Zum Gahr (1980) analyzed the influence of matrix structure on the abrasive wear of 
28% chromium iron. He examined structures with austenitic and martensitic matrices. The 
austenitic condition was stress relieved by heat treating as cast structure at 200C for 2 hours; 
and the martensitic condition was obtained by heat treating as cast structure at 900C for 5 
hours, followed by forced air cooling to room temperature. This was followed by a double 
refrigeration treatment to –78C, and a stress relief treatment at 200C for 2 hours.  
 
The abrasive wear loss was found to be greater for the austenitic matrix, than for the 
martensitic matrix. It has been also observed that the abrasive wear loss decreased to a 
minimum up to 30% carbide volume, and beyond 30% carbide volume the abrasive wear loss 
increased. It was noted that grooves on the worn surface were deeper for the austenitic matrix 
than for the martensitic structure. Also, shallow pits were observed for both the austenitic and 
martensitic structures, arising from due carbide pullout. 
 
Gundlach and Parks (1988) analyzed the influence of abrasive hardness on the abrasive wear 
resistance of high chromium irons. The results identified that the hardness and type of 
abrasive, are significant factors influencing the abrasion resistance. A pearlitic 20% 
chromium iron alloy had the lowest wear resistance, regardless of the abrasive used. Another 
interesting phenomenon was that the order of resistance to abrasion for as cast austenite and 
heat treated martensitic irons changes with the type of abrasive, particularly the hardness of 
the abrasive. When abraded by garnet, the martensitic irons showed greater resistance to 
abrasion than the austenitic irons. However, for abrasives softer than the primary carbides, 
austenitic irons had the greatest abrasion resistance. This result is presumed to be due to high 
degree of strain hardening or strain induced transformation for the austenitic matrix. 
 
Studies by X.H. Fan et al. (1990), on the three body abrasion resistance of high chromium 
martensitic irons showed that the lower the carbon content of the martensitic matrix, the 
18 
 
higher the impact fatigue resistance. Some of the interesting features of the austenite matrix 
are a) it exhibits a higher toughness against single blow impact, b) it has a higher dynamic 
fracture toughness, and c) it has a better static fracture toughness. The plasticity of austenite 
provides good resistance to crack propagation. The binding force at the carbide-austenite 
interface is larger than that of the carbide-martensite interface, and therefore reduces crack 
propagation. Some of the deleterious effects of austenite, though, are the lower hardness of 
retained austenite which can result in loss of carbide particles by spalling.  
 
Norman (1989) points out that when high chromium irons are used as balls in ball mills, the 
repeated impact and the resultant work hardening causes retained austenite at the surface to 
transform into martensite. Because of this transformation, compressive stresses are induced 
on the surface and triaxial tensile stresses are developed in the subsurface regions, causing 
severe spalling during service. A common problem for grinding balls, which are normally 
made of high chromium cast irons, is spalling due to impact loading, leading to a high rate of 
material loss.  
 
Cox (1985) states that a full martensite matrix, free of retained austenite is desired to avoid 
spalling under repeated loading. It has been shown that the impact fatigue resistance is 
increased with decreasing carbon content in the martensite matrix, and with decreasing 
retained austenite. Low carbon martensite has a lath-like morphology with a highly dislocated 
substructure. In high carbon martensite, the morphology is plate-like and the substructure 
consists of fine twins. The martensite is much harder and more brittle than low carbon 
martensite and impingement of plates during growth can produce microcracks which, under 
repeated impact loading, can join together to form macrocracks. This phenomenon does not 
take place in low carbon martensite because it dislocation substructure leads to a higher 
plasticity. Although the presence of retained austenite in high carbon martensitic structures 
can reduce the overall hardness, susceptibility to spalling can be increased.  
 
Quindge Zhou et al. (1982) and other researchers investigated that 28% chromium irons, 
which are the most widely used materials for slurry pumps, fail prematurely due to corrosive 
abrasive wear. However, in specified media with appropriate pH values, they can exhibit 
corrosion-abrasion resistance. Boron addition is found to relatively improve their abrasion 
corrosion resistance. The addition of boron increases the hardness of the carbides in 17% Cr 
white cast irons, up to 2000-2700 HV, and martensite appears in the as cast condition. 
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2.3 SURFACE ENGINEERING 
 
The connection of materials with the environments begins at the surfaces, and much attention 
is being paid to develop, modify, and improve the surface properties of materials (Lampman, 
1990). Surface engineering emphasizes a wide range of generic technologies, the common 
factor of which is to improve resistance to wear, corrosion and fatigue. Biocompatibility of 
the surface is also an issue for implanted materials. 
 
The main aim of the surface hardening is to improve the wear resistance of parts without 
affecting the softer and tougher interior. Surface hardening of steels has an advantage over 
through hardening, since it is less expensive, and also, problems such as distortion and 
cracking associated with through hardening of thick sections, can be effectively reduced.  
 
There are mainly two distinct methods of surface hardening. 
a) Methods involving intentional buildups or layer additions. 
 b) Methods involving surface modification without any buildup or changes in part 
dimensions. 
 Some of the methods are described in Table 2.1. 
 
Table 2.1 Methods for surface hardening of steels (Lampman, 1990). 
Layer Additions Substrate Treatments 
Hardening Diffusion Methods 
Fusion Hardfacing Carburising, Nitriding 
Thermal Spray Boriding, Nitrocarburising 
Coatings Titanium carbon Diffusion 
Electrochemical Plating Toyota Diffusion Process 
Chemical Vapour Deposition Selective Hardening Methods 
(Electroless Plating) Flame Hardening, Induction 
Thin Films (PVD, Sputtering, Ion 
Plating) 
Hardening, Laser hardening 
 Ion Implantation, Electron 




Coatings and overlays are less cost effective with increasing quantities of production, 
especially when entire surfaces of work pieces are to be hardened. Overlays are normally 
useful when selective areas are to be hardened.  
 
During diffusion hardening the entire surface of the parts are effectively hardened. This 
process is usually used when large numbers of parts are to be surface hardened. Selective 
hardening, in contrast, involves transformation hardening, like heating and quenching, and 
various other methods such as selective nitriding, ion beam mixing, and ion implantation, 
which are solely based on compositional modification. 
 
During diffusion hardening, the hardening elements such as carbon, nitrogen, or boron are 
transported to the part surface, by medium of ions, gases or liquids. They dissolve 
interstitially in the iron matrix, at least to a limited extent. These various elements produce 
different case depths and hardness gradients (Lampman, 1990). 
 
Carburising involves additions of carbon to low carbon steels, at a temperature of 850-
950C. At this temperature austenite with its high carbon solubility is the stable structure. 
Hardening occurs when the high carbon surface structure is quenched to form a martensitic 
case. This case has good wear and fatigue properties. Some of the significant methods by 
which carburising is conducted include gas carburising, plasma carburising, vacuum 
carburising, pack carburising and salt bath carburising. Among these, gas carburising is 
widely used for large scale production, due to the accurate control achieved by this process 
which without the requirement of special handling. 
 
Nitriding involves introducing nitrogen into steel in ferritic region, at temperatures of 500-
550C. Nitrogen has a partial solubility in ferrite and it forms a solid solution with ferrite, at 
nitrogen contents up to 6%. At 6% N a compound called Y’ (gamma prime) Fe4N is formed, 
which has a cubic structure. This layer is also famous as the ‘white layer’ and it has good 
wear and corrosion resistance properties, at thicknesses between 0.00508-0.01016 mm. 
Beyond this thickness it is brittle, and has a tendency to spall. At nitrogen contents above 8%, 
a compound called  Fe3N is formed which is also a hard phase. Various methods are 
available for nitriding which include gas, liquid and plasma (ion) nitriding. The advantages of 
plasma nitriding is the shorter nitriding time and cleaner surfaces (Avner, 1988). 
21 
 
Boriding (Comparison Surface Treatment Process, 1988) is the process in which boron is 
diffused onto the surface of plain carbon steel and low alloy steels at temperatures of 950C. 
It leads to the formation of iron borides (thickness 100 m) at and near the surface, with a 
hardness ranging from 1800-2100 HV. 
 
2.3.1 Surface Coating/Layer Addition 
 
The various methods available to produce surface coatings are as follows: 
 
Electrochemical Coatings: These coatings are produced by electrolysis of an aqueous salt 
solution of the metal coating, with the component to be coated being the cathode. Chromium 
coatings are most widely produced by this technique and these coatings have an excellent 
wear resistance (Krushner and Novinski, 1990). The hardness value of chromium coatings is 
high (up to 1000 HV), combined with corrosion resistance and low frictional values against 
steels. Coating thickness is however limited to 0.5 mm due to internal stresses. 
 
Chemical Coatings: These types of coatings are produced by immersing the component in a 
salt solution without any impressed currents (Thorpe, 1985). Coatings of nickel phosphorus 
and nickel boron alloys are produced by this method. The process involves minimising of 
nickel salts by sodium hypophosphite or sodium borohydride respectively. Coatings have a 
high hardness up to 1000 HV and they also have good adhesive wear resistance after heat 
treatment. 
 
Chemical Vapour Deposition: This is a process by which compounds are dissociated in a gas 
phase to form dense layers on a coated surface. The most widely deposited material by this 
process is titanium carbide and titanium nitride (Avner, 1998). These coatings have a good 
wear resistance but the coating thickness is limited to 10 m due to interfacial stresses. 
Substrate choice is also limited due to thermal distortions and chemical reactions which take 
place in the temperature range 800-1000C, which is the deposition temperature for 
producing these type of coatings. However, compared to PVD (physical vapour deposition), 





Physical Vapour Depositions: This process is performed at sub atmospheric pressure and the 
coating atmosphere is generated by thermal evaporation or electric sputtering of a source 
material. Titanium nitride is the most widely used wear resistant material deposited by this 
process and it has a coating rate of a few micron per hour and a thickness ranging from 1-
10m (Sahoo, 1993). The substrate temperature is maintained below 500C and the coatings 
formed are dense and adhere well to the substrate. 
 
2.4 LASER SURFACE TREATMENT 
 
Laser radiation is ideal for localised material processing as it represents a very intense, finely 
focused and flexible source of heat. Laser heating produces local changes at the surface of a 
material, whilst leaving the properties of the bulk material unaffected. Therefore distortion of 
the laser heated component is reduced. Relatively fast processing rates and operation at 
atmospheric pressure are possible. The advantages of laser technology for surface treatment 
have been identified and a range of processes have been developed exploiting the 
characteristics of laser energy (Steen, 1984). The uses of lasers in surface treatment and their 
implementations are shown in Table 2.2. For potential industrial implementations such as 
transformation hardening and cladding of surfaces, lasers with high power (greater than 1 
kW) are usually needed and CO2 gas lasers have most widely been used to date for these 
applications. Currently, high power solid-state Nd:YAG lasers with optical fibre beam 
delivery have improved interest for surface engineering implementation as they offer the 
possibility of processing components remote from the laser source. Walker et al. (1983) 
described the possibility of processing components up to 200 m from the laser source using 
flexible optical fibres. 
 
The principles of laser surfacing (laser cladding technique) are shown together with typical 










Table 2.2 The uses of lasers in surface treatment and their implementations (Walker et al., 1983). 
Process Possible Laser Source  Process Description 
Transformation 
hardening 
CO2, Nd:YAG Local hardening with case 
depths of < 1 µm to 2 mm 
Shock hardening CO2, Nd:YAG, Excimer Hardening by including 
shock waves at surface 
using pulses of laser energy   
Laser glazing CO2, Nd:YAG Production of ultrafine 
microstructures or glasses   
Surface 
homogenisation 
CO2, Nd:YAG Microstructural refinement 
by remelting 
Cladding CO2, Nd:YAG  Local fusion and deposition 
of a second material 




CO2, Nd:YAG Fusion with addition of a 
solid fraction e.g. tungsten 
carbide 
Surface texturing CO2, CVL, Nd:YAG, 
Excimer 
Local change in surface 
texture; e.g. roughness or 
smoothness  




Excimer, CVL Local change for marking, 
better adhesion binding 
Stripping or 
ablation  
Excimer, TEA CO2, 
Nd:YAG 
Controlled removal of 
surface layers e.g. paint, 
nuclear contamination 
Surface refining Excimer Shallow melting to vaporize 
inclusions or impurities  
CVL = Copper Vapour Laser, TEA CO2 = Transverse by Excited Atmosphere CO2 Laser.  
 
2.5 INDUSTRIAL LASERS 
 
Since the introduction of laser technology to manufacturing in the mid-1960s, two lasers in 
particular have dominated the field of industrial laser implementations. These are the carbon 
dioxide (CO2) and the neodymium yttrium aluminium garnet (Nd:YAG) lasers. Their 
prominence in industrial environments stems from their relatively high efficiency, high 
output power, relatively low cost and good reliability. More recently a third laser, commonly 
referred to as the excimer laser, has appeared on the industrial scene. Excimer lasers are gas 
lasers whose active medium is an unusual molecule such as argon fluoride (ArF) or xenon 
chloride (XeCl). These lasers are predominantly used in the electronics industry and are 
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unlikely to challenge the dominance of CO2 and Nd:YAG lasers in the metal fabrication area 
in the foreseeable future. 
 
2.5.1 Carbon Dioxide (CO2) Lasers 
 
The CO2 laser is gas laser, which active medium is a mixture of about five percent carbon 
dioxide with the balance being helium and nitrogen (Christodoulou and Steen, 1984). The 
laser produces output at a wavelength of 10.6 m at power levels from tenths of a watt to 
twenty-five kilowatts. The beam is delivered from the laser to the workpiece using a series of 
mirrors and lenses in a beam duct. The primary use for CO2 lasers is on assembly lines and 
workstations. 
 
One of the requirements for efficient operation of CO2 lasers is that the gas temperature is 
kept at about 100 to 150C. The heat generated by the electrical discharge used to excite the 
carbon dioxide molecule may be dissipated by using one of three types of gas flow: slow 
axial flow, fast axial flow and transverse flow. 
 
For both the slow and fast axial flow lasers, the gas flow is parallel to the optical axial of the 
laser. In transverse flow lasers, the gas flow is across the optical axis. The main advantage of 
transverse flow lasers is their high output (greater than 10 kW). They are particularly 
matched to welding and surfacing applications due to their poorer beam quality when 
compared to that of the other two laser types. 
 
The electrical discharge used to excite the gas mix and hence produce laser action in CO2 
lasers may be obtained in a number of ways, with two approaches emerging as clear industry 
favourites. They are either direct current (DC) or radio frequency (RF) excitation 
(Christodoulou and Steen, 1984). 
 
2.5.2 Neodymium:YAG Laser 
 
Typical construction of a Nd:YAG laser is described in Figure 2.6. It consists of a single 
length elliptical cavity with the active medium, being neodymium in an Yttrium Aluminium 
Garnet (YAG) crystal rod mounted at one of the foci depending on whether the laser is 
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operated in the pulsed or continuous mode. At the other focus is a krypton or xenon lamp. 
Also mounted in the cavity may be an aperture for mode control and possibly a Q-switch for 
rapid shuttering of the cavity to generate short pulses of power. 
 
In Nd:YAG lasers, the neodymium is an impurity that takes the place of some yttrium atoms 
in the YAG crystal (Christodoulou and Steen, 1984). YAG’s chemical formula is YA15O12; 
and its crystalline structure is similar to that of garnet. The crystal has good thermal, optical 
and mechanical properties, but it is relatively hard to grow. The crystal is grown in blocks 
called “boules” from which rods are drilled out.  
 
The thermal and optical properties of Nd:YAG allow it to be excited either continuously with 
an arc lamp or by a series of flash lamp pulses. Maximum average power from a single 
Nd:YAG laser crystal may achieve about 500 watts and the peak power may achieve several 
tens of kilowatts in a millisecond-long pulse generated by a flash lamp (Lamb et al., 1983). 
For a pulsed system flash lamps are expected to last about 20-30 million pulses. 
 
The pulsed Nd:YAG laser has obtained acceptance in the area of marking, drilling, precision 
cutting and welding, in particular the welding of thermally sensitive components. Currently, 
the research on these devices has concentrated on the improvement of compact and reliable 
lasers generating high-power continuous laser output. Commercial high-power Nd:YAG 
lasers now produce in excess of 2 kW of continuous power and these devices are achieving 
acceptance, in some situations, as competitors to the CO2 laser. More importantly, they are 
opening the way for new applications not previously attainable by lasers. The dominant areas 
for these lasers centre on remote laser processing as the laser beam may be transmitted 
through optical fibres, thus allowing more flexible workstations and the use of conventional 
robots. 
 
2.5.3 Fiber Laser 
 
The fiber laser is a variation on the standard solid-state laser, with the medium being a clad 
fiber rather than a rod, a slab, or a disk. Laser light is emitted by a dopant in the central core 
of the fiber, and the core structure can range from simple to fairly complex. A key factor for 
fiber lasers is that the fiber has a large surface-to-volume ratio so that heat can be dissipated 





Figure 2.6 General construction of a single-rod Nd:YAG laser configuration (Walker et al., 1985). 
 
2.6 LASER CLADDING 
 
The main purpose of the cladding process is to overlay one material over another to form an 
interfacial bond or weld between the two without diluting the cladding material with substrate 
material. In this case, dilution is considered as a contamination for the cladding layer, as it 
can degrade the mechanical or corrosion resistant properties. Laser cladding is a highly 
effective surfacing technique. The advantages of this technique over other cladding processes 
include controlled shape, controlled dilution levels, good fusion bonds, lower residual stress, 
small heat affected zones (HAZ) and fine microstructures, because of the high cooling rates. 
The porosity in the clad layer is minimal. 
 
In general, the main parameters that effect the production of Stellite 6 coatings in laser 
cladding include: laser energy, powder thickness (for pre-placed powder) or mass flow rate 
(for injected powder), focal position and processing speed. 
 
The laser energy is the dominant parameter in the cladding process. If the energy is too low, 
lack of penetration will occur. On the other hand, if the power is too high powers a peaky 
beam profile can occur, leading to powder vaporisation and loss rather than melting which, at 
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the same time, causes excessive melting of the substrate and high coating dilution 
(Weerasinghe and Steen, 1983). Dilution content is used to express the contamination of the 
coating by the substrate. It has an important influence on the chemical composition and 
properties of the coatings (Hawkes et al., 1984). A high value is also associated with a large 
HAZ and can result in reduced coating hardness. A too low value of dilution indicates 
no/poor adhesion between the coating and the substrate.  
 
The powder thickness (for pre-placed cladding) or mass flow rate (for injected cladding) has 
an important influence on the coating thickness. The coating thickness increases with powder 
layer depth or flow rate, because more powder on the substrate can produce a thicker coating. 
However, the coating thickness has a strong relationship to the laser parameters and the 
powder’s insulating effect. The loose powder has different energy transfer characteristics to a 
solid material because the air between the individual powder particles can transfer heat and 
therefore acts as an insulator. This insulating influence of powders can be analysed when the 
same energy is used for both a mass of powder laying on a substrate and for a bare substrate. 
Much less energy is needed to locally heat the powder to its melting point compared to the 
bare substrate, as the latter is cooled effectively by conduction (Steen et al., 1986).  
 
For maximum penetration, the focal position of the laser beam should be below the surface of 
the material (Steen, 1988). This distance into the material is determined by the laser power 
density required to reach melting and fusion of the powder. The important process for the 
positioning of the workpiece in relation to the focal point is the major process parameter 
which influences the spot size and the distribution of the laser power on the surface.  
 
There are many ways of laser cladding to produce a clad layer. Firstly, there is the choice of 
the laser type, for instance the CO2 laser or Nd:YAG laser. It is also possible to select 
whether the laser is pulsed or continuous wave. For the pulsed laser, the laser parameters 
such as pulse frequency, pulse length and pulse energy should be carefully selected to control 
the heat input and the cooling rate of the coating in order to avoid undesired properties in the 







2.6.1 Laser Cladding Process 
 
Laser cladding is an extended form of surface melting in which hard, wear resistant, complex 
composition alloys can be deposited directly on to an inexpensive substrate. During laser 
cladding, large temperature gradients that provide high heating and cooling rates exist across 
the surface layer and the underlying substrate. The substrate is an excellent heat sink; 
therefore, an additional cooling medium such as water is not needed.  
 
Eiholzer et al. (1986) described the beneficial effects on the sliding wear properties of laser 
clad Fe-Cr-Mn-C alloy over AISI 1016 steel. Comparing the wear behaviour of this laser clad 
steel with the wear behaviour of Stellite-6 (Eiholzer et al., 1986) showed that the laser clad 
alloy is superior to Stellite-6. The improved wear properties have been attributed to the 
increased hardness of the near surface region, the presence of fine grained microstructures 
and a high concentration of wear resistant alloying elements. Other experiments on friction 
and wear showed that laser processed coatings improved the wear resistance at high contact 
pressure and performed better than plasma sprayed coatings when tested under the same 
conditions (Eiholzer et al., 1986). Belmondo and Castagna (1989) attributed the effect of 
laser coating to the excellent bonding of the coating to the substrate, uniform distribution of 
alloying elements and refined microstructures. 
 
Ayers (1984) evaluated the sliding contact wear of Ti-6Al-4V alloy, the surfaces of which 
have been impregnated with TiC by a laser melt and particle injection process. Friction 
measurement for steel sliding on Ti-6Al-4V injected with different volume fractions of TiC 
indicated that the coefficient of friction of laser coated Ti-6Al-4V was only about half the 
coefficient of friction of the uncoated alloy. Gnanamuthu (1989) applied WC-Fe, Tribaloy T-
800 and Stellite coatings on steels through laser cladding and obtained claddings having a 
dilution of less than 5% with a good metallurgical bond, uniform composition and 
microstructure.  
 
Weerasinghe and Steen (1983) observed laser cladding for stainless steels and observed no 
evidence of macro-segregation, very little dilution, a uniform microstructure and negligible 
distortion. In addition, these investigators did not observe any delamination of interface 
cracks during 180 bend test of claddings. They also suggested that process parameters 
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should be closely controlled to eliminate defects and to produce a deposition comparable with 
that of other cladding techniques. 
 
For laser cladding using blown powder, a complex three dimensional shape can be formed on 
the substrate due to the interaction of the laser beam with the powder material. The 
interaction time plays an important role for desired cladding. Previous work by Weerasinghe 
and Steen (1983) recognized that for a narrow range of power density and beam interaction 
time coupled with the cooling rate and microstructure, the most of working points of laser 
cladding lie on a diagonal line of the processing condition. There is a transition from a short 
interaction time region to a long interaction time region along the diagonal line. The short 
interaction time region may exhibit very fine dendrite microstructures with low dilution, high 
microhardness and small scale porosity. In contrast, the region with long interaction time may 
cause a coarse structure with more dilution, lower microhardness and large scale porosity. 
 
The basic principle of laser cladding is described in Figure 2.7. It is comparable with a 
process of layered coating. In the former case a powder material such as Stellite 6L is 
delivered into the laser beam, becomes melted and deposited onto the substrate. Usually this 
process is accomplished by locally melting the substrate with laser beam while 
simultaneously adding the powder. The coating can be achieved through layer by layer 







Figure 2.7 Schematic diagram of laser cladding (Weerasinghe and Steen, 1983). 
 
As mentioned previously, there are two common methods of supplying the powder in the 
laser cladding process (Lamb et al., 1983): 
 
(1) Pre-placed cladding powder on the substrate and 
(2) Injection of powder into a laser generated melt pool. 
 
2.6.1.1 Laser Cladding with Pre-Placed Powder 
 
Laser cladding with pre-placed powder is the simplest method to form a clad layer. The pre-
placed powder method involves scanning a defocused laser beam over a bed of powder pre-
placed on a substrate. The laser beam melts the powder onto the substrate. Minimal dilution 
was obtained for a wide range of processing parameters (Lamb et al., 1983). Theoretical 
modelling of the movement of the molten front has identified that the melt progresses 
relatively swiftly through the thermally isolated powder bed until it reaches the interface with 
the substrate. At this stage the thermal load increases because of the good thermal contact 
with the high thermal conductivity substrate (Lamb et al., 1983). The results of the model are 
described in Figure 2.8. It can be shown that the molten front propagates faster in the vertical 
direction than in the horizontal because the liquid flow is gravity assisted. The model also 
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predicts that is a large operating region for obtaining low dilution, but it also showed that 
only a small part of the region gives a fusion bond. In these circumstances, it is not easy to 




Figure 2.8 Theoretical calculation of the position of the melt front during pre-placed powder cladding with a 
continuous laser beam (Lamb et al., 1983).   
 
 
2.6.1.2 Laser Cladding with Powder Injection 
 
Figure 2.9 shows a schematic diagram of laser cladding with powder injection. In this 
process, the cladding powder is injected using a nozzle into the laser melt pool. The main 
advantages for this process are well-defined, heated region which forms a fusion bond with 
low dilution (<5%) and adaptability to automatic processing. Powder injection cladding is 
significantly conducted over a small melt pool region which travels over the surface of the 
substrate. The thermal penetration is minimal, thus eliminating problems associated with 








Figure 2.9 A schematic diagram of the powder injection laser cladding process (Lamb et al., 1983).  
 
2.6.1.3 Overlapping of Laser Cladding 
 
The section profile of a single laser clad track can be considered as a parabolic shape. When 
the ratio of height over width is small, the shape of a parabolic arc is similar to a circle 
segment (Steen et al., 1986). However, when the ratio of height to width is high, the section 
profile of a single clad track should not be considered to be a circle segment but a parabolic 
arc. This may be seen from Figure 2.10, which shows the section profiles of some single clad 
tracks of stainless steel on mild steel. 
In this study, the analysis was carried out initially using a parabolic model. In order to 
simplify the analysis procedure, it was assumed: 
(1) The section profile of a single clad track takes the shape of a symmetric parabolic arc. 
(2) No dilution occurs during the cladding process. 






Figure 2.10 Typical section profiles of single clad tracks of stainless steel on mild steel 
(Steen et al., 1986). 
 
According to Fig. 2.11, omitting the transient area, then,  
T = max{H(Xi)}                                                                                        (2.1) 
H = min{H(Xi)}                                                                                        (2.2) 




Figure 2.11 Model of the overlapped cladding process (Steen et al., 1986). 
 
Additionally, W = width of the single clad track; h = height of the single clad track; X = 
overlapping step length; k = overlapping ratio (k = (W-X)/W); H = minimum height of the 
overlapped cladding layer; T = maximum height of the overlapped cladding layer.  
 
2.6.1.4 Current and Future Applications of Laser Cladding 
 
The earlier application for laser techniques was selective surface hardening for wear 
reduction and the alteration of the metallurgical and mechanical properties of a surface 
region. Although there are many competing processes in the area of heat treatment, the laser 
process usually competes successfully due to lack of distortion and productivity. Practical 




Table 2.3 Conventional laser surface heating processes (Steen et al., 1986)  




improved fatigue and 
wear resistance 
Engineering steels and 
cast irons 
Laser surface melting Improved hardness; 




.Cast irons, stainless 
steel, titanium and 
nickel alloys 
Laser surface alloying Increased hardness, 
wear and corrosion 
resistance 
Steels, cast iron, 
titanium, aluminium and 
superalloys 
Laser cladding Improved wear and 
corrosion resistance and 
increased surface 
hardness  
Steels, titanium and 
nickel alloys 
Particle injection Improved hardness and 
wear resistance due to 
different surface layer   
Stainless steel, 
aluminium and its alloys 
 
A commercial application of laser cladding since 1982 has been cladding of nickel-based 
alloy turbine blades of aircraft engines for the Rolls Royce Company (Ashby and Shercliff, 
1986). Laser cladding replaced a tungsten inert gas arc welding method that was time 
consuming, dependent on the operator skill, and non-reproducible in dilution. Laser cladding 
produced clad deposits having optimum wear characteristic, they were free from heat affected 
zone cracking, consistent in quality and cheaper in material costs by 50%.         
 
2.6.2 Materials for Laser Cladding 
 
Cobalt-based alloys are frequently used for laser cladding because they are wear resistant, 
corrosion resistant and heat resistant (strong even at high temperature). Table 2.4 shows 
typical compositions of cobalt-based alloys in these three applications areas. Many of the 
properties of the alloys arise from the crystallographic nature of cobalt (in particular its 
response to stress), the solid solution strengthening effects of chromium, tungsten and 
molybdenum, the formation of metal carbides and the corrosion resistance imparted by 
chromium. Generally, the softer and tougher compositions are used for high temperature 
applications such as gas turbine vanes and buckets. The harder grades are used for resistance 





Table 2.4 Nominal compositions of various cobalt-based alloys (Cobalt and Cobalt Alloys, 1985)  
    (%)       
Alloy Co Cr W Mo C Fe Ni Si Mn Others 
Cobalt  base wear  resistant alloys       
Stellite 1 bal 31 12.5 1  2.4 3  3 2 1 - 
Stellite 6 bal 28 4.5 1 1.2 3 3 2 1 - 
Stellite 
12 
bal 30 8.3 1 1.4 3 3 2 1 - 
Stellite 
21 
bal 28 - 5.5 0.25 2 2.5 2 1 - 
Hayness 
alloy 6B 
bal 30 4 1 1.1 3 2.5 0.7 1.5 - 
Triballoy  
T-800 
bal 17.5 - 29 0.08 - - 3.5 - - 
Stellite F bal 25 12.3 1 1.75 3 22 2 1 - 
Stellite 4 bal 30 14.0 1 0.57 3 3 2 1 - 
Stellite 
190 
bal 26 14.5 1 3.3 3 3 2 1 - 
Stellite 
306 
bal 25 2.0 - 0.4 - 5 - - 6 Nb 
Stellite 
6K 
bal 31 4.5 1.5 1.6 3 3 2 2 - 
Cobalt base  high- temperature alloys       
Hayness 
alloy 25 
bal 20 15 - 0.10 3 10 1 1.5 - 
Haynes 
alloy 188 
bal 22 14 - 0.10 3 22 0.3
5 
1.25 0.05 La 
MAR-M 
alloy 509 
bal 22.5 7 - 0.60 1.
5 
10 0.4 0.1 3.5 Ta, 
0.2 Ti, 
0.5Zn 




bal 20 - 10 - - 35 - - - 
Hayness 
alloy 123 
bal 25.5 2 5 0.08 3 9 - - 0.1 N 
 
Initially, many of commercial cobalt-based alloys are derived from the cobalt- chromium-
tungsten and cobalt-chromium-molybdenum ternaries first analysed by Elwood Haynes at the 
turn of the century. He discovered the high strength and stainless nature of binary cobalt-
chromium alloys and later identified tungsten and molybdenum as powerful strengthening 
agents within the cobalt-chromium system. When he discovered these alloys, Haynes named 
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them the Stellite alloys after the Latin, stella, for star because of their starlike luster. Having 
discovered their high strength at elevated temperatures, Haynes also promoted the use of 
Stellite alloys as cutting tool materials.   
 
Following the success of cobalt-based tool materials during World War 1, they were then 
used from about 1922 in weld overlay form to protect surfaces from wear. These early cobalt-
based hardfacing alloys have been used on plow shares, oil well drilling bits, dredging 
cutters, hot trimming dies and internal combustion engine valves and valve seats. Since the 
1920s, some of these applications have been abandoned, some have continued and many 
more were added. In 1982, 1360 Mg (1500 tons) of cobalt-based alloys were sold for the 
purpose of hardfacing, one third of this quantity being used to protect valve seating surfaces. 
 
Later in the 1930s and early 1940s, cobalt-based alloys for corrosion and high temperature 
applications have been developed by Austenal Laboratories and the Haynes Stellite Division 
of Union Carbide (Gray, 1984). Of the corrosion resistant alloys, a cobalt-chromium-
molybdenum alloy with a moderate low carbon content has been developed to satisfy the 
need for a suitable investment cast dental material. This biocompatible material, which has 
the tradename Vitallium, is in use today for surgical implants. In the 1940s this same alloy 
also underwent investment casting trials for World War II aircraft turbocharger blades and, 
with modifications to enhance structural stability, has been used successfully for many years 
in this and other elevated temperature applications. This early high temperature material, 
Stellite alloy 21 is still in use today, but predominantly as an alloy for wear resistance.       
 
2.6.2.1 Cobalt-based Wear Resistant Alloys 
 
The cobalt-based wear alloys of today are little changed from the early alloys of Elwood 
Haynes (Gray, 1984). The most important differences relate to the control of carbon and 
silicon. The main difference in the current Stellite alloy grades are carbon and tungsten 
contents (hence the amount of carbide formation in the microstructure during solidification).  
 
2.6.2.2 Alloy Compositions and Product Forms 
 
The nominal compositions of various cobalt-based wear resistant alloys are described in 
Table 2.4, with six popular cobalt-based wear alloys shown first. Stellite alloys 1, 6 and 12 
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are derivatives of the original cobalt-chromium-tungsten alloys developed by Haynes, being 
the hardest, most abrasion resistant and least ductile alloy. The microstructures are shown in 
Figure 2.12 (a) to 2.12 (c) and show the extent of carbide precipitation. These carbides are 
basically of the chromium rich M7C3 type, even though in high tungsten alloys tungsten-rich 
M6C carbides are usually are present (Antony and Silence, 1989). 
 
Stellite alloy 21, shown in Figure 2.12 (d) differs from the first three alloys in that it employs 
molybdenum, rather than tungsten to strengthen the solid solution. Stellite alloy 21 also 
contains considerably less carbon. By virtue of the high molybdenum content and the fact 
that most of the chromium is in solution (rather than in Cr7C3 carbides), the alloy is more 
resistant to corrosion than Stellite alloys 1, 6 and 12. 
 
Unlike these four alloys shown above, which are basically used in the form of castings and 
weld overlays, Haynes alloy 6B is a wrought product available in plate, sheet and bar form. 
Subtle compositional differences between alloy 6B and Stellite alloy 6 facilitate processing. 
These advantages of wrought processing include greatly enhanced ductility, chemical 
homogeneity and resistance to abrasion by virtue of the coarse, blocky carbides within the 
microstructure, shown in Figure 2.12 (e). 
 
In the search for resistance to abrasion and corrosion, workers at DuPont took the 
unprecedented step of alloying with excessive amounts of molybdenum and silicon to induce 
the formation during solidification of a hard and corrosion resistant intermetallic compound 
that is Laves phase (Hansen et al., 1989). The carbon in T-800 is held as low as possible to 
discourage the precipitation of carbides. The extent and the nature of the Laves precipitates in 
T-800 are described in Figure 2.12 (f). The Laves precipitates confer outstanding resistance 
to abrasion, but limit ductility. As a result of this restricted ductility, the alloy is now 





Figure 2.12 Microstructures of various cobalt-based wear resistant alloys. (a) Stellite 1, two layer 
GTA deposit. (b) Stellite 6, two layer GTA deposit. (c) Stellite 12, two layer GTA deposit. (d) Stellite 
21, two layer GTA deposit. (e) Haynes alloy 6B, 13 mm (0.5 in) plate. (f) Tribaloy alloy (T-800) 
showing the Laves precipitates (the largest continuous precipitates some of which are indicated with 
arrows). (Hansen et al., 1989).   
 
2.6.2.3 Wear Data 
 
Abrasion data are described in Figure 2.13 for the six most popular wear-resistant alloys, 
along with data for 316 L stainless steel and D2 tool steel (60 HRC) for comparison. These 
data were obtained using the ASTM G65B (dry sand/rubber wheel) test and the Haynes Alloy 
6B samples were prepared from annealed plates with a thickness of 13 mm or ½ in). Other 
samples were prepared from two layer gas tungsten arc (GTA) deposits. Within the Stellite 
alloy family, it is evident from Figure 2.13 that abrasion resistance is a function of carbon and 
tungsten content, see Table 2.4. As the carbon content increases in the chromium-tungsten 
Stellite alloys, so does the tungsten content, resulting in an increase in carbide content and 
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hardness (Gates and Yellets, 1988). Figure 2.13 shows the benefits of wrought processing for 
Haynes alloy 6B and the effectiveness of the Laves phase in T-800. 
 
Figure 2.13 Abrasion data for various cobalt-based alloys tested per ASTM G 65B (Gates and 
Yellets, 1988). 
 
2.6.2.4 Galling Data 
 
Galling resistance of selected alloys is shown in Figure 2.14, along with data for corrosion 
resistant Ni-Cr-Mo alloy (Hastelloy alloy C-276) and a stainless steel noted for its resistance 
to galling (Nitronic 60).  
 
Figure 2.14 Galling data for various cobalt-based alloys, including Hastelloy C-276 and Nitronic-60 
stainless steel. Data are from a 120-10 stroke test with a 26.7 kN (6000 lbf) load (Lipson, 1987).  
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From Figure 2.14, it is evident that the cobalt wear-resistant alloys have exceptional resistant 
amongst the commonly used alloys. It should be noted that the self-mated galling resistance 
of Nitronic 60 equals that of the cobalt alloys at lower loads. 
 
2.6.2.5 Solid Particle Erosion Data 
 
Resistance against solid particle erosion is not as closely correlated with hardness and carbon 
content as with other types of wear mechanisms. This is evident from the solid particle 
erosion data (Hansen et al., 1989) of Table 2.4, which compare Haynes alloy 6B with 304 
stainless steel and two heat resistant cobalt-based alloys (Haynes alloys 25 and 188). 
 
2.6.2.6 Cavitation Erosion Data 
 
The outstanding cavitation erosion properties of the cobalt-based wear-resistant alloys 
compared with Hastelloy alloy C-276 and 316L stainless steel are described in Figure 2.15. 
This information was obtained using ASTM G-32 procedures. The samples have been 
prepared from solution annealed plates (Haynes alloy 6B) or from two layer GTA deposits 
(Stellite alloy 6). The remaining three wear alloy compositions (from Table 2.1) lacked 
sufficient ductility for this test because the samples were of an intricate nature and subjected 
to high mechanical stresses during attachment to and detachment from the ultrasonic horn. 
 
2.6.2.7 The Physical and Mechanical Properties 
 
The six commonly used cobalt wear alloys are shown in Table 2.5. In the case of the Stellite 
and Triballoy alloys, this information pertains to sand castings. Notable are the moderately 
high yield strengths and hardnesses of the alloys, the inverse relationship between carbon 
content and ductility (Stellite alloys) and the enhanced ductility imparted to alloy B by 
wrought processing. A list of typical applications of the cobalt wear resistant alloys of Table 






Figure 2.15 Cavitation erosion data for various cobalt-based alloys, Hastelloy alloy C-276 and 316L 
stainless steel (Hansen, et al., 1989).  
 
Table 2.5 Mechanical and physical properties of cobalt-based wear resistant alloys (Wheaton, 1985) 
   Alloy    
Property 1 6 12 21 6B T-800 
Hardness, HRC 55 40 48 32 37 58 
Yield strength, 
Mpa (ksi) 















Elongation, % <1 1 <1 9 11 - 
Thermal  expansion coefficient,  Um/m,°C    
From 20 to 
100°C 
10.5 11.4 11.5 11.0 13.9 - 
From 20 to 
500°C 
12.5 14.2 13.3 13.1 15.0 12.6 
From 20 to 
1000°C 




- - - - 14.8 14.3 
Specific gravity 8.69 8.46 8.56 8.34 8.39 8.61 
Electrical 
resistivity, uΩ m 
0.94 0.84 0.88 - 0.91 - 
Melting range, 
°C (°F) 
      
Solidus 1255 
(2291) 



















Table 2.6 Typical applications of various cobalt-based wear resistant alloys (Wheaton, 1985) 
Applications Stellite alloys from 
Table 2.4 
Forms Mode of degradation 
Automotive Industry 
Engine valve seating 
surfaces 
6, F Weld overlay Solid particle erosion, hot 
corrosion 
Power Industry 
Control valve seating 
surfaces 










Sliding wear, cavitation erosion 
 




306 Weld overlay Sliding wear 
Steel Industry 
Hot shear edges 








Sliding wear, impact, abrasion 
Sliding wear, impact, abrasion 
Chemical processing 
industry 
Control valve seating 
surfaces 
Plastic extrusion screw 
flights 
Pump seal rings 



















Sliding wear, cavitation erosion 
 
Sliding wear, abrasion 
 
Sliding wear 
Abrasion   
Pulp and paper industry 
Chain saw guide bars 
 
6, Hayness alloy 6B 
Wrought sheet, weld 
overlay 
Sliding wear, abrasion 
Textile Industry 
Carpet knives 
6K, 12 Wrought sheet, weld 
overlay 
Abrasion 
Oil and gas Industry 






Abrasion, sliding wear 
 
 
2.6.2.8 Cobalt-based High Temperature Alloys 
 
Although cobalt-based alloys are not as widely used as nickel and nickel iron alloys in high 
temperature applications, cobalt-based high temperature alloys nevertheless play an important 
role, by virtue of their excellent resistance to sulfidation and their strength at temperature 
above those at which the gamma prime and gamma double prime precipitates in the nickel 
and nickel iron alloys dissolve. Cobalt is also used as an alloying element in many nickel-
based high temperature alloys.  
 
2.6.2.9 Alloy Compositions and Product Forms of Haynes Alloys 
 
Typical wrought and cast cobalt alloy compositions developed for high temperature use are 
illustrated in Table 2.6. Haynes alloys 25 (L605) and 188 are wrought alloys available in the 
form of sheets, plates, bars and pipes. MAR-M alloy 509 is an alloy designed for vacuum 
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investment casting. Selected mechanical properties of the three alloys are listed in Table 2.7. 
Stress rupture data are shown in Figure 2.16.  
 
Carbides serve to increase high temperature strength and, in wrought alloys, to control grain 
size. In the solution annealed condition, the carbides in Haynes alloy 188 are of the M6C 
type. Aging in the temperature range 650 to 1175C promotes secondary carbide precipitation 
(M6C at the higher aging temperatures and M23C6 at the lower temperatures). In the MAR-M 
alloy 509 (which has a higher carbon content) the active carbide forming elements in the as 
cast condition (Wheaton, 1985). 
 
Table 2.7 Mechanical and physical properties of selected cobalt-based high temperature alloys 
(Wheaton, 1985) 
  Alloy  
Property 25 188 MAR-M 509 
Yield strength, MPa (ksi)    
At 21°C (70°F) 445 (64.5) 464 (67.3) 585 (85) 
At 540°C (1000°F) - 305 (44) 400 (58) 
Tensile strength, MPa (ksi)    
At 21°C (70°F) 970 (141) 945 (137) 780 (113) 
At 540°C (1000°F) 800 (116) 740 (107) 570 (83) 
1000-h rupture strength, MPa 
(ksi)  
   
At 870°C (1600°F) 75 (11) 70 (10) 140 (20) 
At 980°C (1800°F) 30 (4) 30 (4) 90 (13) 
Elongation % 62 53 3.5 
Thermal expansion coefficient, 
umm.K 
From 21 to 93 °C (70-200°F) 
From 21 to 540 (70-1000°F) 
















Thermal conductivity, W.m..K 
At 20°C (68°F) 
At 500°C (930°F) 













Specific gravity 9.13 8.98 8.86 
Electrical resistivity, uΩ.m 0.89 1.0 - 
















Figure 2.16 100 h stress rupture strengths of selected cobalt-based superalloys. Stellite 21 is included 




Haynes alloys 25 and 188 and MAR-M alloy 509 are well established in the gas turbine 
industry. As a casting alloy, 509 is generally used for complex shapes such as nozzle guide 
vanes. As wrought alloys 25 and 188 are used for fabricated assemblies and ductwork. In 
particular, Haynes alloy 188 is the alloy of choice for combustor cans and afterburner liners 
in high performance aircraft gas turbines. Haynes alloy 25 has also been used successfully in 
a variety of industrial furnace applications (muffles and liners). 
 
2.6.2.11 Cobalt-Based Corrosion Resistant Alloys 
 
Although the cobalt-based wear resistant alloys possess some resistance to aqueous corrosion, 
they are limited by grain boundary carbide precipitation, the lack of the vital alloying 
elements in the matrix and, in the case of the cast and weld overlay materials, by chemical 
segregation in the microstructure.  
 
By virtue of their homogenous microstructures and lower carbon contents, the wrought 
cobalt-based high temperature alloys are more resistant to aqueous corrosion, but still fall 




To satisfy the industrial need for alloys which exhibit outstanding resistance to aqueous 
corrosion, yet share the attributes of cobalt as an alloy base (resistance to various forms of 
wear and high strength over a wide range of temperature), several low-carbon, wrought 
cobalt-nickel-chromium-molybdenum alloys have been produced. The compositions of two 
of these are given in Table 2.4. 
 
2.6.2.11.1 Corrosion Properties 
 
The uniform corrosion properties of alloy 1233 relative to a number of nickel and iron- based 
corrosion resistant alloys are explained in Table 2.8. The outstanding pitting resistance of 
alloy 1233 is evident from Figure 2.17. Although not as resistant to pitting as alloy 1233, 
MP35N alloy is nevertheless excellent in a wide range of mineral acid environments and 
chloride solutions (Hansen et al., 1989).  
 
Alloy 1233 is less resistant to stress corrosion cracking than the nickel–chromium-
molybdenum Hastelloy alloys, however it offers better resistance than 316L stainless steel to 
this form of failure. By virtue of its higher nickel content, MP35N alloy is very resistant to 
stress corrosion cracking and is suitable for hydrogen sulfide service. 
 
 
Table 2.8 Comparison of corrosion rates for selected cobalt-based, iron base and nickel base alloys in 
various solutions (Hansen et al., 1989).  































1233 <0.01 0.15 0.01 13.49 0.19 2.52 0.20 0.02 
C-276 <0.01 21.51 0.52 1.90 0.58 0.51 8.05 0.86 
625 0.01 0.51 0.03 14.15 0.30 0.64 0.43 71.08 
20CB-3 0.11 0.19 1.80 5.77 0.92 0.40 0.25 69.08 








Figure 2.17 Critical pitting temperature of the cobalt-based corrosion-resistant alloy 1233 compared 
with various other alloys (Hansen et al., 1989). 
 
 
2.6.2.11.2 Mechanical Properties 
 
An advantage of the two corrosion-resistant alloys in Table 2.4 is that they can be 
strengthened considerably by cold working. In the case of MP35N alloy, the alloy is intended 
for use in the work hardened condition and the manufacturers have supplied considerable 
data concerning the mechanical properties of the alloy at different levels of cold work. Some 
of these data (0.2% offset yield strengths and elongation values) are plotted in Figure 2.18. 




The applications of these alloys include pump and valve components and spray nozzle. 







Figure 2.18 Yield strength and elongation with cold reduction for the corrosion-resistant MP35N multi- 
phase alloy (Hansen et al., 1989) 
 
 
Table 2.9 Mechanical and physical properties of selected cobalt-based corrosion-resistant alloys (Hansen et al., 
1989) 
Property Alloy 1233 MP35N alloy 
Hardness 28 HRC (a) 90 HRB (b) 
Yield strength, MPa (ksi) 558 (81) 380 (55) (b) 
Ultimate tensile strength, 




895 (130) (b) 
Elongation, % 33 65 (b) 
Thermal expansion coefficient, um/m.K 
21-93 °C (70-200 °F) 
21-315 °C (70-600 °F) 









Electrical resistivity, uΩ . m  1.03 (c) 









(a)13 mm (1/2 in.) plate, solution 
annealed. 









The literature review indicates that relatively little attention has been given to the effect of the 
substrate, the degree of coating dilution and the characteristics of the HAZ in determining the 
wear resistance of laser clad Stellite 6 coatings. Further, the effect of laser heat input has not 
been comprehensively studied. 
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The research work described in this thesis addresses the effect of heat input on the coating 
composition and hardness, as well as the characteristics, microstructure and hardness of six 
different high strength steel substrates. Particular attention is paid to dilution effects, the 
hardness profile in the near surface region and the resulting resistance to metal-to-metal 
sliding wear. Laser coating of a series of high strength steel substrates with Stellite 6 was 
designed to assess their suitability as replacement materials, for example, for the existing 
nickel alloy material used for spindles in the power generation industry since this alloy 
material subject to sliding wear in service. The potential benefits of this approach to power 
generation components and other wear-critical components are the use of less expensive 

































The following work was undertaken to evaluate the sliding wear behaviour of Stellite 6 
coated samples produced by laser cladding with laser powers of 1 kW and 1.8 kW on low and 
high strength steel substrates.  
 
The substrates consisted of medium C steel (MC), a nickel-based superalloy (NIS), 
martensitic stainless steel (MSS), austenitic stainless steel (ASS), 2.25% chromium creep 
resisting steel (P22) and 9% chromium creep resisting steel (P91).  The compositions of these 
steel substrates are given in Section 3.2. 
 
The laser cladding of the steel substrates with Stellite 6 were conducted by commercial 
coating companies using 1 kW and 1.8 kW laser powers. The initial coating thicknesses were 
about 0.35 mm for both laser powers. The laser power was changed by adjusting the speed of 
laser scanning. A lower speed was used for the higher laser power with the Stellite powder 
distribution rate being reduced to produce a similar coating thickness to that for the lower 
laser power. However, further details were not available as this is as received laser cladding 
materials. 
 
Since the aim of the work was to examine the wear of the Stellite 6 coatings, it was necessary 
to grind and polish the coatings to obtain flat specimens (of the required surface finish for 
wear testing. Flat specimens 37 mm x 20 mm x 5 mm were prepared for each of the substrate 
materials.  
 
The Stellite 6 coatings were sectioned perpendicular to the coated surface using a Struers 
Accutom-50 automatic cutting machine with an alumina cut-off-wheel operating at 3000 rpm 
and a cutting rate of 0.050 mm/s. The cut samples were then dried and mounted to Poly Fast 
bakelite resin. The sections were polished to a 9 micron finish using an MD Allegro lapping 
disc on a Struers MD-All Struers Pedemat Rotopol-1 automatic polishing machine with speed 
of 150 rpm and pressure of 25 N for 5 minutes. Samples were subsequently polished to a 3 
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micron finish on MD Duc pad Struers MD-Duc with speed of 150 rpm and pressure of 35 N 
for 7 minutes.   
 
Microhardness measurements were made at intervals of 0.05 mm across the coating thickness 
using a Leco M-400-H1 hardness testing machine with a load of 300 g. The samples were 
then etched in a mixed acid solution to reveal the microstructure of the Stellite coating. 
Subsequently, coatings were studied using a Leica DMRM optical microscope. 
 
Wear testing was carried out using a pin-on-plate (reciprocating) mode with a 6 mm tool steel 
ball as the pin. The wear testing machine is shown in Figures 3.1 and 3.2. A ball was held in a 
collet as shown in Figure 3.3. During operation, the ball remained stationery while the flat 
specimen was moved in a linear, back and forward sliding motion, under a prescribed set of 
conditions. The ball thus made contact in a straight-line path over the flat specimen. This 
gave a path length of 20 mm/revolution. The rpm meter was fitted to the machine to record 
the speed of rotation.   
 
The test speed, number of cycles and test duration were held constant: 50 rpm, 10,000 cycles 
and 200 minutes. The tests were conducted using applied loads of 2 kg and 5 kg for coated 



















The specimens were ground flat, starting with 80 grit silicon carbide paper before progressing 
to 220 grit paper with a speed of 300 rpm and pressure of 250 N. Finishing was performed 
using an Allegro pad to a 9 micron finish and finally on an MD Duc pad to a 3 micron finish 
using a speed of 150 rpm and pressure of 250 N. The flat specimens were rinsed in water, 
then in alcohol, and then dried.  
 
Prior to carrying out the wear tests, each prepared flat specimen was washed in alcohol, dried 
then weighed to an accuracy of 0.0001 g. The flat specimen was then inserted in the base of 
wear tester and held by screwing in place to prevent from buckling or slippage during the 
test. After the test was complete, the specimen was removed from the wear tester, wear debris 
was removed from the sample, which was then washed in alcohol, dried and reweighed.  
 
The tool steel ball was also washed in alcohol, dried and weighed at the start of each test at 
the same time as the flat specimen. The steel ball was then inserted in the ball holder which 
was screwed into the head of the wear tester. The ball was held in position by a collet with a 
screw to the axle (Figure 3.3). At the completion of the wear test, loose wear debris was 
removed from the ball which was then washed in alcohol and dried before weighing. The ball 
was weighed to an accuracy of 0.0001 g. As the weight of the steel ball did not change 
significantly for any of the tests, the weight of the steel ball has not been considered in 
assessing the wear damage. 
 
In order to analyse the effect of load and power input during wear testing on the wear track, 
the surfaces of the worn samples were examined using a S440 scanning electron microscope 
(SEM) operating at 20 kV.  
 
3.2 Compositions of the Coating and Substrate Alloys 
 
Table 3.1 shows the nominal composition of the Stellite 6 alloy. The high C and Co contents 
ensure the formation of an essentially austenitic structure in the as deposited condition. 
 
Table 3.1 Nominal composition (wt%) of the Stellite 6 coating alloy. 
 Co Cr Fe W Ni C Si Mn 




The composition of the Ni-based superalloy is presented in Table 3.2. The composition is 
consistent with Inconel 718 which has a predominantly austenitic matrix which is 
strengthened by intermetallic precipitates that are formed by ageing. 
 
 
Table 3.2 Nominal composition (wt%) of the Ni-based superalloy (NIS). 
Co Cr Fe W Ni C Si Mn 
- 18 18 - 54.5 0.04 0.45 0.46 
P S Mo V Al Ti Nb B 
- - 3 - 0.5 1 5 0.004 
 
 
Table 3.3 shows the specified composition of the medium carbon steel. Apart from the 
microalloying additions of Cr, Ni and Mo, this steel is close to the AISI grade 1050 and it has 
a sufficiently high C content to make it suitable for quench and temper heat treatment.  
Consequently, martensitic transformation is to be expected in the heat affected zone (HAZ) 




Table 3.3 Composition (wt%) of the medium carbon steel (MS).  
Co Cr Fe W Ni C Si Mn 
- 0.138 Bal - 0.111 0.536 0.214 0.806 
P S Mo B Al Ti Nb  
0.020 0.040 0.147 - - - -  
 
 
Table 3.4 shows the nominal composition of the martensitic stainless steel (MSS). The 
composition corresponds closely to that of a 410 martensitic stainless steel. 
 
Table 3.4 Nominal composition (wt%) of the martensitic stainless steel (MSS). 
Co Cr Fe W Ni C Si Mn 
- 12.93 Bal - 0.28 0.13 0.43 0.74 
P S Mo V Al Ti Nb B 
0.022 0.005 0.170 0.030 0.015 - - - 
 
 
The nominal composition of the austenitic stainless steel (ASS) is given in Table 3.5. The 




Table 3.5 Nominal composition (wt%) of the austenitic stainless steel (ASS). 
Co Cr Fe W Ni C Si Mn 
- 17 Bal - 11 0.08 1 2 
P S Mo B Al Ti Nb V 
0.045 0.030 2 - - - - - 
 
 
Table 3.6 gives the nominal composition of the P22 steel, which is a widely used creep 
resisting steel based on a relatively low C content together with 2.25 wt% Cr and 1 wt% Mo.  
The microstructure of as-supplied plate steel is usually fully bainitic or a mixture of ferrite 
and bainite. 
 
Table 3.6 Nominal composition (wt%) of the P22 steel. 
Co Cr Fe W    Ni     C Si Mn 
- 2.25 Bal - - 0.11 0.34 0.58 
P S Mo B Al Ti Nb  
0.01 0.01 0.93 - - - -  
 
 
Table 3.7 shows the nominal compositions of the 9Cr-1Mo (P91) steel. This type of steel is 
used for creep resistance at higher temperatures and stresses than those suitable for P22. The 
typical microstructure of this type of steel is tempered bainite or martensite. 
 
Table 3.7 Nominal composition (wt%) of the P91 steel. 
Co Cr Fe W Ni C Si Mn 
- 9.08 Bal - 0.08 0.09 0.45 0.46 
P S Mo V Al Ti Nb B 
  0.96 0.19 0.08 - - - 
 
 
3.3 Calculation of Dilution and Estimation Carbon Content 
 
The compositions of Stellite 6 coatings were measured using XRFS (X-Ray Florescence 
Spectroscopy) for samples deposited with the two different laser powers. These results are 
presented in Chapter 4. However, it was not possible to determine the C content of the weld 
deposit quantitatively by the micro-analysis methods that were available. Therefore, it was 
necessary to estimate the C content by calculating dilution. The rule of mixtures method 
involves use of the fractional dilution and the carbon contents of the Stellite and the substrate.  
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The dilution zone and the heat affected zone (HAZ) are identified on the base of metals by 
microstructural observation by utilizing optical microscopy. 
This method ignores any effect due to solid state diffusional transfer of C across the interface 
between the coating and the substrate. As the C content of the Stellite was higher in all cases 
than that of the substrate, C diffusion into the substrate is to be expected. However, the fast 
cooling rate after deposition should limit solid state transfer of C. Nevertheless, it should be 
noted that the rule of mixtures approach adopted in the present work is likely to slightly over-
estimate the C content of the coating. This method of calculation is described by Figure 3.4 












Figure 3.4 Schematic diagram showing the clad layer, which consists of two parts: added Stellite 6 alloy (region 




If the C content (wt%) of the base metal or substrate is given by [C]BM and the C content 
(wt%) of the Stellite is [C]S, then the estimated C content of the weld deposit [C]WD is given 
as follows.  
                                       [C]WD = D.[C]BM+(1-D).[C]S 
 
For example, if D = 0.2, [C]BM= 0.5% and [C]S= 1.0%, then [C]WD  = 0.9%. 
 
The measurements used to calculate the extent of dilution of each coating are given in 















The results are presented in terms of the different substrates that were used for laser coating, 
in the sequence: Ni-based superalloy, medium carbon steel, martensitic stainless steel, 
austenitic stainless steel, P22 and P91. As stated in Chapter 3, the coating thickness was 
about 0.35 mm for all substrates and for both input powers. 
4.1 Stellite 6 Laser-cladding of the Nickel-based Superalloy  
The results outlined below have been published in the Journal Advanced Materials Research, 
Vol. 896 (2014), pp 600-604 and accepted in the Journal Materials Science Forum (2016). 
4.1.1 Coating compositions 
The compositions of the Stellite 6 coatings were determined by XRFS (X-Ray Florescence 
Spectroscopy), see Table 4.1. This table shows that the two chemical analyses (NIS-1 and 
NIS-1.8) of the coatings were similar, but there were some differences in alloy content of the 
coatings. The coating for NIS-1 was richer in Fe and Ni and lower in Co and Mn than that for 
NIS-1.8.  
Table 4.1 Measured compositions (wt%) of the Stellite 6 coatings 
(%) P Mn Si Ni Cr Mo Cu 
NIS 1 0.22 0.28 0.52 11 26.55 1.37 0.015 
NIS 1.8 0.23 0.34 0.51 10.50 26.40 1.54 0.060 
(%) Nb Ti V Fe W Co C 
NIS 1 0.02 0.47 0.020 9.2 3.3 45.0 0.665* 
NIS 1.8 <0.01 0.37 0.018 8.1 3.5 45.7 0.608* 
*Estimated, not measured 
 
 
4.1.2 Scanning electron microscopy of coating cross-sections 
The microstructures of the coatings revealed by SEM had a cellular-dendritic appearance, 








 (a) (b) 
  
Figure 4.1 SEM micrographs of cross sections of the Stellite 6 layers deposited on (a) NIS 1, (b) NIS 1.8. 
 
 
4.1.3 Microhardness testing of coating cross-sections 
Microhardness profiles across the coating are shown in Figure 4.2. For the coating deposited 
at 1 kW, the coating hardness was about 450 HV compared with 350 HV for 1.8 kW. The 




Figure 4.2 Graph of hardness profiles with distance from the coating surface for Stellite 6 deposited on nickel- 
based superalloy. 
 
4.1.4 Wear testing  
For an applied load of 2 kg, it was found that the deposit for NIS-1 wore substantially less, 
while the deposit for NIS-1.8 showed significant wear with deep grooves. More pronounced 
wear was evident for the higher load (5 kg), with a similar trend in wear characteristics to that 
observed for the 2 kg tests. 
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4.1.5 Mass loss 
Table 4.2 shows the mass loss measurements for the Stellite coated samples. It can be seen in 
Table 4.2 that the mass loss increased with load and was higher for NIS 1.8. 
 
Table 4.2 Mass loss for Stellite coatings deposited at a power input of 1 kW and 1.8 kW 
Loads (kg) NIS-1 (g) NIS-1.8 (g) 
2 0.024 0.02808 
5 0.06312 0.2076 
 
 
4.1.6 Characterisation of wear 
In order to study the effect of load on the wear track, Stellite coated samples were examined 
by scanning electron microscopy at the completion of the wear test to establish the nature of 
wear. The worn surface of NIS-1, Figure 4.3, is smooth compared to the NIS-1.8 surface 
which was more porous and showed greater surface roughness. The effect of a higher load (5 
kg) at 1.8 kW power is illustrated by Figure 4.4. 
 
  
Figure 4.3 SEM micrograph of worn surface tested at 
a load of 2 kg for NIS 1. 
Figure. 4.4 SEM micrograph of worn surface tested at 
a load of 5 kg for NIS 1.8. 
4.2 Stellite 6 Laser-cladding of the Medium Carbon Steel 
The results described below have been published in the journal, Materials Today: 
Proceedings 2 (2015), 1747 – 1754 and accepted in Key Engineering Materials (2016). 
4.2.1 Coating compositions 
The compositions of the Stellite 6 coatings were determined by XRFS and are presented in   
Table 4.3. The chemical analyses of the two coatings are similar, but there are some 
differences in alloy content. The coating for MS-1 is richer in Mo, Ni and Fe and lower in Co 
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and Mn than that for MS-1.8. The coating compositions compared to that of the nominal 
composition of the Stellite 6 powder (see Section 3.2) are lower in Co content (54-55% 
versus 60%) and higher in Fe content (4-6% versus 2.5%), indicating significant dilution by 
the substrate.   
Table 4.3 Measured compositions (wt%) of the Stellite 6 coatings 
(%) 
P Mn Si Ni Cr Mo Cu 
MS-1 0.23 0.35 0.57 2.30 29.15 0.16 0.011 
MS-1.8 0.24 0.39 0.67 2.20 29.60 0.11 0.019 
(%) 
Nb Ti V Fe W Co C 
MS-1 0.02 0.02 0.016 6.0 4.1 54.5 0.982* 
MS-1.8 <0.01 0.02 0.012 4.4 4.2 55.2 0.944* 
                        *Estimated, not measured 
 
        4.2.2 Scanning electron microscopy of coating cross-sections 
SEM micrographs showing the coating structures of the MS-1 and MS-1.8 samples are 
presented in Figures 4.5 (a-b). The coatings on the medium carbon steel substrate had a 













4.2.3 Microhardness testing of coating cross-sections 
Microhardness profiles for the Stellite 6 weld samples are shown in Figure 4.6. For the 
coating deposited at 1 kW, the coating hardness was about 575 HV compared with 525 HV 
for 1.8 kW. The higher heat input resulted in a wider HAZ and a lower average hardness. A 
notable feature of the hardness profile in the HAZ region for the 1 kW deposit was hardening 
up to about 1000 HV with an average of about 900 HV. The inherently high hardenability of 
the substrate alloy and the rapid cooling after deposition has produced untempered 
martensite. A lower but relatively high HAZ hardness was also exhibited for the 1.8 kW 
deposit (800 HV). The cooling rate was reduced by the higher heat input, which also resulted 
in a coarser coating microstructure, Figure 4.5 (b). The hardness of the unaffected substrate 
was about 350 HV. 
 
Figure 4.6 Graph of hardness profiles with distance from the coating surface for Stellite 6 deposited on the steel 
substrate. 
 
     4.2.4 Wear testing 
For tests conducted using an applied load of 2 kg, the coating MS-1 wore substantially less, 
with only a shallow wear track, Figure 4.7 (a), whereas the deposit MS-1.8 showed 
significant wear with deep grooves Figure 4.7 (b). The effects of a higher load (5 kg), on 
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Figure 4.8 Optical micrographs showing wear tracks for a load of 5 kg for (a) MS-1, (b) MS-1.8. 
 
4.2.5 Mass loss 
Table 4.4 shows the mass loss measurements for the Stellite coated samples. It can be 
concluded from Table. 4.4 that the mass loss increased with load and was slightly higher for 
MS-1.8. 
Table 4.4 Weight loss for Stellite coatings deposited at a power input of 1 kW and 1.8 kW. 
Loads (kg) MS 1 (g) MS 1.8 (g) 
2 0.0023 0.00302 







4.2.6 Characterisation of wear 
SEM micrographs of the worn surfaces of the MS-1 and MS-1.8 samples are shown in 
Figures 4.9 and 4.10. The worn surface of MS-1 for an applied load of 2 kg, Figure 4.9 (a), 
appears to be smooth compared to the MS-1.8 surface which is more porous and shows 
greater surface roughness, Figure 4.9 (b). The effects of a higher load (5 kg) at 1 kW and 1.8 








Figure 4.10 SEM micrographs of worn surfaces after testing at a load of 5 kg for (a) MS 1, (b) MS 1.8. 
 
4.3 Stellite 6 Laser-cladding of the Martensitic Stainless Steel  
The results given below formed the basis of the publication: “Evaluation of Two Different 
Energy Inputs for Deposition of Stellite 6 by Laser-cladding on a Martensitic Stainless Steel 
Substrate”, Journal Advanced Materials Research, Vol. 1119 (2015) pp 628-632 and 
“Dilution and Wear Evaluation for Stellite 6 Deposited on Martensitic Stainless Steel 
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Substrate by Laser Cladding” Journal Multidiciplinary Sciences and Engineering, Vol. 7 
(2016) pp 15-19. 
 
4.3.1 Coating compositions 
The compositions of the Stellite 6 coatings determined by XRFS are recorded in Table 4.5. 
The two chemical analyses (MSS-1 and MSS-1.8) of the coatings were similar, but there 
were some differences in alloy content of the coatings. In particular, the coating for MSS-1 
was significantly lower in Fe than that for MSS-1.8.  
 
 
Table 4.5 Measured compositions (wt%) of the Stellite 6 coatings 
(%) P Mn Si Ni Cr Mo Cu 
MSS-1 0.29 0.33 0.59 2.60 29.20 0.29 0.021 
MSS-1.8 0.23 0.41 0.57 2.00 28.50 0.10 0.021 
(%) Nb Ti V Fe W Co C 
MSS-1 0.03 0.02 0.028 6.5 4.0 53.1 0.897* 
MSS-1.8 0.03 0.02 0.028 8.0 4.0 54.2 0.842* 
*Estimated, not measured 
 
4.3.2 Scanning electron microscopy of coating cross-sections 
The coatings on the martensitic stainless steel substrate had a cellular-dendritic appearance. 
The higher heat input of 1.8 kW produced a coarser cellular-dendritic structure. SEM 
micrographs showing the coating structures of the MSS-1 and MSS-1.8 samples are 
presented in Figures 4.11 (a-b). 
 
 (a) (b) 
  






4.3.3 Microhardness testing of coating cross-sections 
Microhardness profiles for the Stellite 6 coated samples are shown in Figure 4.12. For the 
coating deposited at 1 kW, the coating hardness was about 600 HV compared with 550 HV 
for 1.8 kW. A high HAZ hardness profile occurred for the 1 kW deposit, with re-hardening 
up to about 800 HV. The inherently high hardenability of the substrate alloy and the rapid 
cooling after deposition has resulted in untempered martensite. A high HAZ hardness was 
also exhibited for the 1.8 kW deposit (up to 600 HV) despite the cooling rate being reduced 
by the higher heat input. The hardness of the unaffected substrate was about 300 HV. 
 
 
Figure 4.12 Graph of hardness profiles with distance from the coating surface for Stellite 6 deposited on 
martensitic stainless steel. 
 
4.3.4 Wear testing 
For wear testing with an applied load of 2 kg, the deposit produced at the lower laser power 
(MSS-1) wore substantially less than for that produced with higher power, MSS-1.8, Figure 
4.13. The deposit for MSS-1.8 showed significant wear with deep grooves. The effect of a 
higher load (5 kg) at 1.8 kW laser power is shown in Figure 4.14. 
 
 
Figure 4.13 Optical micrograph showing wear track 
at a load of 2 kg for MSS-1. 
 
Figure 4.14 Optical micrograph showing wear 


























     HAZ MSS-1.8 
   HAZ MSS-1 
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4.3.5 Mass loss 
Table 4.6 shows the mass loss measurements for the Stellite coated samples. It can be seen in 
Table 4.6 that the mass loss increased with load and was higher for MSS-1.8. 
 
Table 4.6 Mass loss for Stellite coatings deposited at a power input of 1 kW and 1.8 kW 
Loads (kg) MSS-1 (g) MSS-1.8 (g) 
2 0.0028 0.00348 
5 0.01298 0.02228 
 
 
4.3.6 Characterisation of wear 
In order to study the effect of load on the wear track, Stellite coated samples were examined 
at the completion of the wear test by scanning electron microscopy to establish the nature of 
wear. 
Figures 4.15 and 4.16 are SEM micrographs taken at a higher magnification than the 
optical micrographs of Figures 4.13 and 4.14. The worn surface of MSS-1, Figure 4.15, is 
smooth compared to the MSS-1.8 surface which was more porous and showed greater surface 




Figure 4.15 SEM micrograph of worn surface tested 
at a load of 2 kg for MSS-1. 
 
Figure 4.16 SEM micrograph of worn surface 
tested at a load of 5 kg for MSS-1.8. 
4.4 Stellite 6 Laser-cladding of the Austenitic Stainless Steel 
The results for this part of the project were published in the Journal of Applied Mechanics of 
Materials, Vol. 619 (2014) pp 13-17 and in the Journal of Applied Physics (IOSR-JAP), Vol. 
8 (2016) pp 36-41. 
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4.4.1 Coating compositions 
The compositions of the Stellite 6 coatings were determined by XRFS, see Table 4.7. As is 
the case for all of the coatings, the carbon content was not measured, but was estimated using 
the % dilution of the coating by the substrate. Table 4.7 shows that the two chemical analyses 
(ASS-1 and ASS-1.8) of the coatings were similar, but Fe and Mn contents were lower for the 
coating sample ASS-1, consistent with a lower level of dilution of the Stellite coating by the 
substrate. 
 
Table 4.7 Measured compositions (wt%) of the Stellite 6 coatings 
(%) P Mn Si Ni Cr Mo C 
ASS-1 0.024 0.54 0.59 3.35 28.50 0.39 0.854* 
ASS-1.8 0.024 0.63 0.55 3.30 27.95 0.36 0.795* 
(%) Nb Ti V Fe W Co  
ASS-1 0.02 0.03 0.030 10.9 3.5 48.3  
ASS-1.8 <0.01 0.02 0.026 11.9 3.6 48.6  
*Estimated, not measured  
 
4.4.2 Scanning electron microscopy of coating cross-sections 
The coatings on the austenitic stainless steel substrate had a cellular-dendritic appearance. 
The higher heat input of 1.8 kW produced a coarser cellular-dendritic structure. SEM 
micrographs showing the coating structures of the ASS-1 and ASS-1.8 samples are presented 











4.4.3 Microhardness testing of coating cross-sections 
Microhardness profiles for the Stellite 6 weld samples are shown in Figure 4.18. For the 
coating deposited at 1 kW, the coating hardness was about 500 HV compared with 450 HV 
for 1.8 kW. The HAZ hardness was generally lower than that of the coating. The hardness of 
the unaffected substrate was about 225 HV. 
 
 
Figure 4.18 Graph of hardness profiles with distance from the coating surface for Stellite 6 deposited on 
austenitic stainless steel. 
 
4.4.4 Wear testing 
Tests conducted using an applied load of 2 kg showed that ASS-1 wore substantially less, 
Figure 4.19, than ASS-1.8 which showed significant wear with deep grooves. The effect of a 




               Figure 4.19 Optical micrograph showing wear         Figure 4.20 Optical micrograph showing wear 
               track at aload of 2 kg for ASS 1.                                Track at laod of 5 kg for ASS 1.8. 
 
 
4.4.5 Mass loss 
Table 4.8 shows the mass loss measurements for the Stellite coated samples. It can be seen in 
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Table 4.8 Mass loss for Stellite coatings deposited at a power input of 1 kW and 1.8 kW 
Loads (kg) ASS-1 (g) ASS-1.8 (g) 
2 0.00868 0.00996 
5 0.01984 0.0358 
 
 
4.4.6 Characterisation of wear 
The worn surface of ASS-1, Figure 4.21, was smooth compared to the ASS-1.8 surface which 
was more porous and showed greater surface roughness. The effect of a higher load (5 kg) at 
1.8 kW heat input is illustrated by Figure 4.22. 
 
 
Figure 4.21 SEM micrograph of worn surface         
tested at load of 2 kg for ASS 1. 
 
Figure 4.22 SEM micrograph of worn surface tested 
at a load of 5 kg for ASS 1.8.  
 
4.5 Stellite 6 Laser-cladding of the Chromium Bearing P22 Steel 
The results reported in this section were published in the Journal of Advanced Materials 
Research, Vol. 911 (2014) pp 97-101 and Journal of Applied Science and Mathematics, Vol 3 
(2016) pp 18-21. 
4.5.1 Coating compositions 
The compositions of the Stellite 6 coatings are presented in Table 4.9. The main difference 
between the two chemical analyses (P22-1 and P22-1.8) of the coatings was that the coating 
of P22-1 was significantly lower in Fe than that for P22-1.8.  
 
Table 4.9 Measured compositions (wt%) of the Stellite 6 coatings 
(%) Cu Mn Si Ni Cr Mo C 
P22-1 0.013 0.34 0.66 2.45 29.75 0.26 0.961* 
P22-1.8 0.028 0.39 0.53 2.05 28.75 0.092 0.855* 
(%) Nb Ti V Fe W Co  
P22-1 0.01 0.03 0.019 4.3 4.0 55.1  
P22-1.8 <0.01 0.02 0.008 6.3 4.2 54.8  
*Estimated, not measured  
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4.5.2 Scanning electron microscopy of coating cross-sections 
The coatings on the P22 steel substrate had a cellular-dendritic appearance. The higher power 
input of 1.8 kW produced a coarser cellular-dendritic structure. SEM micrographs showing 
the coating structures of the P22-1 and P22-1.8 samples are presented in Figures 4.23 (a-b). 
 
(a)     (b) 
  
Figure 4.23 SEM micrographs of cross sections of the Stellite 6 layers deposited on (a) P22-1, (b) P22-1.8. 
 
 
4.5.3 Microhardness testing of coating cross-sections 
Microhardness profiles for the Stellite 6 weld samples are shown in Figure 4.24. For the 
coating deposited at 1 kW, the coating hardness was about 600 HV compared with 500 HV 
for 1.8 kW. The HAZ hardness was generally lower than that of the coating. The hardness of 
the unaffected substrate was about 300 HV. 
 
 























     HAZ P22-1 
      HAZ P22-1.8 
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4.5.4 Wear testing  
Tests conducted using an applied load of 2 kg resulted in substantially less wear (see, for 
example, Figure 4.25 for P22-1). In contrast, the deposit for P22-1.8 showed significant wear 




Figure 4.25 Optical micrograph showing wear track 
for a load of 2 kg for P22-1. 
 
Figure 4.26 Optical micrograph showing wear 
track for a laod of 5 kg for P22-1.8. 
 
 
4.5.5 Mass loss 
Table 4.10 shows the mass loss measurements for the Stellite coated samples. It can be seen 
in Table 4.10 that the mass loss increased with load and was higher for P22-1.8. 
 
 
Table 4.10 Mass loss for Stellite coatings deposited at a power input of 1 kW and 1.8 kW 
Loads (kg) P22-1 (g) P22-1.8 (g) 
2 0.0027 0.00312 
5 0.0091 0.01558 
 
 
4.5.6 Characterisation of wear 
The worn surface of P22-1, Figure 4.27, was smooth compared to the P22-1.8 surface, which 
was more porous and showed greater surface roughness. The effect of a higher load (5 kg) at 





Figure 4.27 SEM micrograph of worn surface tested 
at a load of 2 kg for P22-1. 
 
Figure 4.28 SEM micrograph of worn surface 
tested at a load of 5 kg for P22-1.8. 
 
4.6 Stellite 6 Laser-cladding of the Chromium Bearing P91 Steel 
This part of the research project forms the basis of a publication in the Journal of Advanced 
Materials Research, Vol. 1119 (2015) pp 640-644 and accepted in the Matec Web of 
Conferences (2016). 
4.6.1 Coating compositions 
The compositions of the Stellite 6 coatings are given in Table 4.11. The two chemical 
analyses (P91-1 and P91-1.8) of the coatings are similar, with the most significant differences 
being the lower Fe and Mn contents of the coating for P91-1, consistent with a lower level of 
dilution of the Stellite coating by the substrate. 
 
 
Table 4.11 Measured compositions (wt%) of the Stellite 6 coatings 
(%) P Mn Si Ni Cr Mo Cu 
P91-1 0.13 0.33 0.57 2.40 29.25 0.23 0.011 
P91-1.8 0.15 0.40 0.59 2.00 28.40 0.13 0.039 
(%) Nb Ti V Fe W Co C 
P91-1 0.02 0.02 0.028 6.2 4.1 54.0 0.882* 
P91-1.8 <0.01 0.02 0.024 8.2 3.9 53.1 0.827* 
*Estimated, not measured  
 
 
4.6.2 Scanning electron microscopy of coating cross-sections 
The coatings on the 9Cr-1Mo steel substrate had a cellular-dendritic appearance. The higher 
heat input of 1.8 kW produced a coarser cellular-dendritic structure. SEM micrographs 
showing the coating structures of the P91-1 and P91-1.8 samples are presented in Figures 





Figure 4.29 SEM micrographs of cross sections of the Stellite 6 layers deposited on (a) P91-1, (b) P91-1.8. 
 
4.6.3 Microhardness testing of coating cross-sections 
Microhardness profiles for the Stellite 6 coated samples are shown in Figure 4.30. For the 
coating deposited at 1 kW, the coating hardness was about 550 HV compared with 500 HV 
for 1.8 kW. The HAZ hardness was generally lower than that of the coating, but higher than 








4.6.4 Wear testing 
Wear tests conducted using an applied load of 2 kg resulted in less wear for P91-1 than that 
for P91-1.8. The latter sample showed significant wear with deep grooves. The effect of a 
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4.6.5 Mass loss 
Table 4.12 shows the mass loss measurements for the Stellite coated samples. It can be seen 
in Table 4.12 that the mass loss increased with load and was higher for P91-1.8. 
 
Table 4.12 Mass loss for Stellite coatings deposited at a power input of 1 kW and 1.8 kW 
Loads (kg) P91-1 (g) P91-1.8 (g) 
2 0.00488 0.00496 
5 0.01962 0.02736 
 
4.6.6 Characterisation of wear 
The worn surface of P91-1, Figure 4.31, was smooth compared to the P91-1.8 surface which 
was more porous and showed greater surface roughness. The effect of a higher load (5 kg) at 
1.8 kW power input is illustrated by Figure 4.32. The surface roughness was quantified by 
using AFM. The AFM image of the worn surface of P91-1 shown in Figure 4.33 is 
characterized by the Ra value of 74.284 nm, while for the higher heat input sample, P91-1.8, 





Figure 4.31 SEM micrograph of worn surface tested 
at a load of 2kg for P91-1. 
 
Figure 4.32 SEM micrograph of worn surface 




Figure 4.33 AFM micrograph of surface roughness 
tested at a load of 2 kg for P91-1. 
 
Figure 4.34 AFM micrograph of surface roughness 




These present results differ from the works of Tabor (1981), Moore et al. (1983), Ayers 
(1984), Richardson (1987) and Zum Gahr (1987) as discussed in Section 2.1.4 as well as 
Meriaudeau et al., (1997), Kusmoko (2000) and Qiu et al., (2012) probably because of less 
works were done to the effect of the substrate, the degree of coating dilution and the 
characteristics of the HAZ in determining the wear resistance of laser clad Stellite 6 coatings. 
Moreover, the effect of laser power input has not been comprehensively investigated.    
Whereas these results are in agreement with the works of Weerasinghe and Steen (1983), 
Hawkes et al., (1984), Eiholzer (1986), Steen (1986) and Belmondo and Castagna (1989) as 














































The comparative wear tests conducted for the six laser-clad substrates (NIS, MS, MSS, ASS, 
P22 and P91) showed that the mass loss was invariably lower for coated samples deposited at 
the lower power input of 1 kW. The amount of wear (mass loss) of the Stellite coated samples 
was greater for the tests conducted on coatings deposited with 1.8 kW primarily because the 
higher power input resulted in more dilution of the coating alloy, with the most significant 
impact flowing from the change in carbon content. A slower cooling rate, which coarsened 
the microstructure of the coating, also contributed to the drop in hardness. The calculations of 
the C contents for each on the coatings (see Appendix C) indicate that the lower dilution level 
for 1 kW corresponds to a higher C concentration than for the higher dilution associated with 
1.8 kW power input (Hawkes et al., 1984 and Belmondo and Castagna, 1989).  
The dilution that occurred for each of the substrates is recorded in Figure 5.1.  
 
Figure 5.1 Fractional dilution and substrates for Stellite 6 coatings. 
The effect of dilution on the calculated carbon content of the coating alloy is shown in 
Figures 5.2 (a) and (b). As the rule of mixtures was used in this calculation, the estimated 
























values of the square of the correlation coefficient R, recorded in Figures 5.2 (a) and (b). 
Deviations from exact linearity are due to experimental errors in measurement of the dilution 
and the neglect of any effects associated with the alloy content of the substrate and carbon 
transfer by solid state diffusion from the coating to the substrate (Steen, 1988).  
 
  
Figure 5.2 (a) Fractional dilution and calculated C 
content for Stellite 6 coatings at 1 kW. 
Figure 5.2 (b) Fractional dilution and calculated C 
content for Stellite 6 coatings at 1.8 kW. 
Detailed comparisons of the wear performance of the coatings as a function of the coating 
carbon content, the coating hardness, the substrate hardness and the HAZ hardness are 
presented and discussed in Section 5.8. This comparative aspect of the project is preceded by 
discussion of the wear performance of each individual substrate in the following Sections 5.2-
5.7. 
5.2 Nickel Superalloy Substrate  
The wear tests conducted for the laser-clad nickel superalloy substrate showed that the mass 
loss was lower for coated samples deposited at a power input of 1 kW (NIS-1). The mass loss 
of the Stellite coated samples was greater for the tests conducted on coatings deposited with 
1.8 kW than for those deposited at 1 kW, as shown in Table.4.2. For deposits produced at 1 
kW, the mass loss increased by a factor of about 2.6 by increasing the test load to 5 kg, but 
for the deposits produced with the higher power, mass loss increased more markedly, by a 
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The difference in wear behaviour for the two heat inputs is due predominantly to differences 
in the Stellite coating compositions, microstructures and hardnesses. As Tables 3.1 and 4.1 
show, the Stellite composition was significantly modified by the substrate. This change 
occurred by melting of the substrate and mixing with the deposited alloy (dilution). The 
coating produced for NIS-1 showed higher Cr, Ni and Fe contents than those for NIS-1.8, 
while the Co, Mn and W contents were lower. The higher Ni and Fe contents of both deposits 
arise because the Ni-based superalloy substrate is richer in these elements. The higher 
calculated carbon content for NIS-1 is likely to promote the formation of a higher volume 
fraction of Cr7C3 particles and thereby increase the hardness of the deposit. The deposit on 
NIS-1 was about 100 HV points higher than for the coating on NIS-1.8 (Figure. 4.2) and this 
difference would be expected to substantially increase wear resistance (Qiu et al., 2012 and 
Villar, 1999 and Jeng et al., 1991). 
 
A greater incidence of microcracks and porosity was observed after wear testing of NIS-1.8 
samples and while this is consistent with the lower maximum coating hardness (350 HV 
compared with 460 HV for NIS-1). The substrate, and particularly the underlying HAZ, may 
also exert an effect on wear because of its relative softness and limited rigidity. The HAZ 
hardness decreased to about 200 HV (Figure 4.2). Therefore, the higher load-sensitivity of 
wear for the NIS-1.8 Stellite coated samples may be due in part to the wear grooves starting 
to penetrate the coating and wear the softer substrate (Kusmoko, 2000). 
5.3 Medium Carbon Steel Substrate  
The wear tests conducted for laser-clad medium carbon steel showed that the mass loss was 
slightly lower for coated samples deposited at a power input of 1 kW (MS-1), but the effect 
of laser power was small (Table 4.4).  
For deposits produced at both 1 kW and 1.8 kW, the increase in mass loss with increasing test 
load was by a similar factor of about 4, indicating that the wear performance was relatively 
insensitive to the laser power used for deposition. The high maximum coating hardness 
values indicated in Figure 4.6 (approximately 575 HV for MS-1 and 540 HV for MS-1.8), 
together with the substantial hardening of the HAZ (about 900 HV for MS-1 and 800 HV for 
MS-1.8), have evidently conferred very high wear resistance to the coatings despite 
differences in laser power. The high HAZ hardness could, however, degrade resistance to 
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impact loading because of the brittleness of the martensitic HAZ and residual stresses near 
the coating interface (Kusmoko et al., 2014 and Kusmoko and Crosky, 2014). 
Table 4.3 shows that the Stellite composition was modified by the substrate by dilution in the 
following ways. Compared to the Stellite 6 composition (Table 3.1), the coatings were lower 
in Co, Mn, Si and W due to dilution by the substrate. However, the Ni and Cr contents 
remained similar to those of Stellite 6, while the Mo and Fe contents were increased due to 
pick-up from the substrate. In general however, there was little difference in the compositions 
of the two coatings. This result is consistent with the relatively low dilution values (3.9% for 
1 kW and 11% for 1.8 kW, Figure 5.1 and Appendix C). For this reason, the calculated 
carbon contents were high and similar: 0.982% for 1 kW and 0.944% for 1.8 kW. Significant 
precipitation of Cr7C3 particles would be expected in both cases to harden the deposit. Apart 
from the slightly higher C content, the faster cooling rate associated with the lower power 
input resulted in structural refinement that contributed to the higher hardness of this coating. 
The deposit on MS-1 was about 40 HV points higher than for the coating on MS-1.8 (Figure 
4.6) and this difference is the primary reason for the slightly higher wear resistance of the 
deposit produced at the lower laser power (Eiholzer 1986, Kusmoko et al., 2014, Qiu et al., 
2012). 
5.4 Martensitic Stainless Steel Substrate 
The wear tests conducted for laser-clad martensitic stainless steel substrate showed that the 
mass loss was lower for coated samples deposited at a power input of 1 kW (MSS-1) than 
those deposited with 1.8 kW, Table 4.6. For deposits produced at 1 kW, the mass loss 
increased by a factor of about 5 with an increase in test load to 5 kg, whereas for the higher 
heat input, the mass loss increasedeven more, by a factor of about 7. It is likely that the 
higher incidence of microcracks and porosity observed after wear testing of MSS-1.8 samples 
is due in part to the greater influence of the substrate (~ 300 HV, see Figure 4.12) which is 
relatively soft and deformable compared with the coating (~ 500 HV), (Kusmoko et al., 
2014). 
 
The higher wear rate for the MSS-1.8 Stellite coated samples is also consistent with the lower 
maximum coating hardness of approximately 540 HV compared with 575 HV for the MSS-1 
Stellite coated samples, as shown in Figure 4.12. Acceleration of the wear rate for the Stellite 
coating MSS-1.8 could also be due to the wear grooves penetrating the coating into the 
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underlying HAZ which showed a variable hardness profile with values ranging from about  
650 HV to as low as about 400 HV (Kusmoko, 2000). 
 
Basically, the difference in wear behaviour for the two power inputs arises from differences 
in the Stellite coating compositions, microstructures and hardnesses (Weerasinghe and Steen, 
1983). As Table 4.5 shows, the Stellite composition was modified by the substrate. Compared 
to the Stellite 6 composition (Table 3.1), the coatings were significantly lower in Co, Mn, Si 
and W because of dilution by the substrate. However, the Ni and Cr contents remained 
similar to those of Stellite 6, while the Mo and Fe contents were increased due to pick-up 
from the substrate. The coating produced for MSS-1 showed slightly higher Cr and Mo 
contents than those for MSS-1.8, while the Fe and Mn contents were lower. In general, these 
differences are consistent with less dilution of the coating produced at the lower heat input. 
The higher estimated carbon content for the coating MSS-1 is likely to allow more copious 
precipitation of Cr7C3 particles that harden the deposit (Kusmoko et al., 2014). Further, the 
faster cooling rate associated with the lower heat input is expected to result in structural 
refinement that contributed to the hardness of the coating. As the coating of MSS-1 was about 
40 HV points higher than for the coating of MSS-1.8 (Figure. 4.12), this difference is likely 
to be the main cause of the substantial increase in wear resistance for MSS-1 samples 
(Kusmoko and Crosky, 2013). 
5.5 Austenitic Stainless Steel Substrate  
The wear tests conducted for laser-clad austenitic stainless steel (ASS) substrate showed that 
the mass loss was, as expected,  lower for coated samples deposited at a power input of 1 kW 
(ASS-1), see Table 4.8. 
For deposits produced at 1 kW, the mass loss increased by a factor of about 2 with increasing 
test load up to 5 kg, but for the higher heat input the rate of weight loss strongly increased by 
a factor of about 4 with increasing load. It is likely that the greater incidence of microcracks 
and porosity observed after wear testing of ASS-1.8 samples is due in part to the substrate, 
and the HAZ, being softer and less rigid than the coating. 
 
The higher wear rate for the ASS-1.8 Stellite coated samples is also consistent with the lower 
maximum coating hardness of approximately 450 HV compared with 540 HV for the ASS-1 
Stellite coated samples, as shown in Figure. 4.18. Acceleration of the wear rate is therefore 
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likely for the Stellite coating ASS-1.8 as the wear grooves penetrate the coating (Kusmoko, 
2000 and Qiu et al., 2012). 
 
Table 4.7 shows the modification of the Stellite composition by the substrate. Because of 
substrate dilution, the coatings produced on the austenitic stainless steel substrate showed 
higher Fe, Mo and Ni contents than those of Stellite 6 (Table 3.1) and reduced W and Co 
contents (Table 4.7). However, the Cr levels in the coatings were not changed significantly, 
probably because it is a major component of both the Stellite and the substrate. 
 
Although the compositions of the two coatings are similar, there are significantly lower Fe 
and Mn contents for the coating deposited at 1 kW, consistent with a lower level of dilution 
of the Stellite coating by the substrate. Using the rule of mixtures for the coating Fe contents, 
the data indicate approximately 14% dilution of the coating for the higher heat input of 1.8 
kW and 12.5% for the lower heat input. The calculated values of % dilution were 23% and 
14.8%, respectively (Appendix C), which differ somewhat from the dilution values estimated 
using the element Fe. The variation is higher for the higher power input, possibly due to 
inaccuracy in the determination of the Fe composition by XRFS. The carbon content for 
ASS-1 is higher because of a lower extent of dilution, thereby promoting the formation of 
Cr7C3 particles and hardening of the deposit. The deposit on ASS-1 was about 90 HV points 
higher than for the coating on ASS-1.8 (Figure 4.18); and this difference would be expected 
to substantially affect the wear resistance (Villar, 1999 and Kusmoko et al., 2013). The 
underlying HAZ was also marginally harder for the lower heat input (Figure 4.18), providing 
a more rigid layer beneath the coating.  
5.6 P22 Steel Substrate  
The wear tests conducted for laser-clad P22 steel substrate showed that the mass loss was 
lower for coated samples deposited at a heat input of 1 kW (P22-1) compared to those 
produced at 1.8 kW, as shown in Table 4.10. 
 
For deposits produced at 1 kW, the mass loss increased by a factor of about 3 with increasing 
test load up to 5 kg, but for the higher heat input the mass loss increased more strongly by a 
factor of about 5 with increasing load. The higher wear rate for the P22-1.8 Stellite coated 
samples is consistent with the lower maximum coating hardness of approximately 530 HV 
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compared with 650 HV for the P22-1 Stellite coated samples, as shown in Figure 4.24. It is 
also likely that the higher incidence of microcracks and porosity observed after wear testing 
of P22-1.8 samples is due, in part, to the substrate being softer and less rigid (Kusmoko, 
2000). 
 
Comparison of Table 4.9 for the coatings on P22 and Table 3.1 for the Stellite 6 composition, 
indicates that the coatings were significantly lower in Co, Mn, Si and W due to dilution by 
the substrate. However, the Ni and Cr contents remained similar to those of Stellite 6, while 
the Mo and Fe contents were increased due to pick-up from the substrate. The coating 
produced for P22-1 showed slightly higher Cr, Mo and Co contents than those for P22-1.8, 
while the Fe, Mn and W contents were lower. In general, these differences are consistent with 
less dilution of the coating produced at the lower heat input. The higher estimated carbon 
content for the coating P22-1 would be expected to allow more copious precipitation of Cr7C3 
particles that harden the deposit. Further, the faster cooling rate associated with the lower 
heat input is expected to result in structural refinement that contributes to the hardness of the 
coating. The deposit on P22-1 was about 120 HV points higher than for the coating on P22-
1.8 (Figure 4.24) and this difference accounts for the substantial increase in wear resistance 
(Qiu et al., 2012 and Villar, 1999 and Jeng et al., 1991). It should be noted that the coating on 
P22 at 1 kW displayed the highest maximum coating hardness (650 HV) of all of the coated 
substrates. This result was obtained in spite of the estimated C content being about 0.02% 
lower for P22 compared with the coating on the medium C steel. A possible explanation is 
that the carbide forming elements, Cr and Mo, were present in higher concentrations in the 
P22 coating than the MS coating (see Tables 4.3 and 4.9) thus promoting alloy carbide 
formation on cooling after deposition. 
5.7 P91 Steel Substrate  
The amount of wear of the Stellite coated samples was greater for the tests conducted on 
coatings deposited with 1.8 kW than for those deposited at 1 kW, as shown in Table 4.12. For 
deposits produced at 1 kW, the weight loss increased by a factor of about 4 with an increase 
in test load to 5 kg, but for the higher heat input the rate of weight loss increased more 
markedly by a factor of about 7 with increasing load. The higher wear rate for the P91-1.8 
Stellite coated samples is consistent with the lower maximum coating hardness of 
approximately 540 HV compared with 550 HV for the P91-1 Stellite coated samples, as 
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shown in Figure 4.30. It is also likely that the greater incidence of microcracks and porosity 
observed after wear testing of P91-1.8 samples is due, in part, to the substrate, particularly the 
HAZ, being softer and less rigidthan for P91-1 (Kusmoko et al., 2013). Acceleration of the 
wear rate is therefore likely for the P91-1.8 as the wear grooves start to penetrate the coating 
(Kusmoko, 2000). 
 
Table 4.11 gives the coating composition arising from modification of the substrate by 
dilution. The  Cr, Fe, Mo, V and Nb contents were higher than those of the nominal Stellite 6 
composition given in Table 3.1, while the Co, Ni, Mn, Si and W contents were reduced 
(Table 4.11). Although the compositions of the two coatings are similar, there are 
significantly lower Fe and Mn contents for the coating deposited at 1 kW, consistent with a 
lower level of dilution. The lower dilution also resulted in a higher estimated C content which 
would be expected to increase the formation of Cr7C3 particles and harden the deposit 
(Kusmoko et al., 2014). The difference in maximum hardness of the coatings on P91 was 
only about 10 HV points, but the average hardnesses differed by about 50 HV (Figure 4.30) 
This difference would be expected to contribute to the higher wear resistance of P91-1 (Qiu 
et al., 2012). The underlying HAZ was also marginally harder for the lower heat input (Figure 
4.30), providing a more rigid layer beneath the coating.  
5.8 Comparison of the Wear Performance of the Coatings 
The relationship between the maximum deposit hardness and calculated C concentration of 
the coating is shown in Figures 5.3 and 5.4 for deposits produced at laser powers of 1 kW and 
1.8 kW. The relationship between hardness and estimated coating carbon content is 
approximately linear with the square of the correlation coefficient being 0.907 for coatings 
produced at 1 kW and 0.885 for 1.8 kW. The equations describing the linear relationships 
are  𝑦 = 561.6 𝑥 + 75.2 for 1 kW and 𝑦 = 587.7 𝑥 + 2.0 for 1.8 kW where y is deposit 
hardness and x is % C (Meriaudeau et al., 1997 and Hawkes et al., 1984). 
The NIS substrate, which was associated with the highest dilution (Figure 5.1), exhibited the 
lowest coating hardness, whilst the medium carbon steel and P22 substrates showed relatively 




Figure 5.3 Deposit hardness with %C for Stellite 6 
deposited on the indicated substrates at 1 kW. 
Figure 5.4 Deposit hardness with %C for Stellite 6 
deposited on the indicated substrates at 1.8 kW.  
The wear loss decreased as the coating C concentration increased, confirming the close 
relationship between wear resistance and C concentration. Figures 5.5 and 5.6 show this trend 
for 1 kW power input and applied loads of 2 kg and 5 kg, while Figures 5.7 and 5.8 are based 
on 1.8 kW power input and applied loads of 2 kg and 5 kg. The outstanding result of this 
analysis is the high wear rate of the Stellite coating on the NIS substrate. This indicates that 
hardfacing repair of Ni-based superalloy components with Stellite 6 is unlikely to be very 
effective in extending the life of such components under abrasive service conditions. The 
coating on the ASS substrate performed significantly better than NIS, but is still inferior in 
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Figure 5.5 Graph of wear loss with %C for Stellite 6 
deposited on indicated substrates at 1 kW and a load of 
2 kg. 
Figure 5.6 Graph of wear loss with %C for Stellite 6 
deposited on the indicated substrates at 1 kW and a 
load of 5 kg. 
 
  
Figure 5.7 Graph of wear loss with %C for Stellite 6 
deposited on the indicated substrates at 1.8 kW and a 
load of 2 kg. 
Figure 5.8 Graph of wear loss with %C for Stellite 
6 deposited on the indicated substrates at 1.8 kW 
and a load of 5 kg. 
As the wear resistance is also expected to be influenced by the hardness and rigidity of the 
substrate underlying the thin surface coating, the substrate hardness has been considered in 
Figures 5.9 and 5.10 for 1 kW power input and loads of 2 kg and 5 kg, and in Figures 5.11 

































































































Figure 5.9 Graph of wear loss with substrate hardness 
for Stellite 6 deposited on indicated substrates at 1 kW 
and a load of 2 kg.   
Figure 5.10 Graph of wear loss with substrate 
hardness for Stellite 6 deposited on indicated 
substrates at 1 kW and a load of 5 kg.  
 
  
Figure 5.11 Graph of wear loss with substrate 
hardness for Stellite 6 deposited on indicated 
substrates at 1.8 kW and a load of 2 kg. 
Figure 5.12 Graph of wear loss with substrate 
hardness for Stellite 6 deposited on indicated 
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The HAZ was in the thickness range of about 0.4 to 0.65 mm, generally larger than the 
deposit thickness (about 0.35 mm). Therefore, its average hardness may be more relevant 
than the substrate hardness in influencing the wear loss. The wear loss decreased with 
increasing average hardness of the HAZ; see Figures 5.13 and 5.14 for 1 kW power input and 
loads of 2 kg and 5 kg; and Figures 5.15 and 5.16 for 1.8 kW power input and loads of 2 kg 
and 5 kg (Tabor, 1981 and Steen, 1988). 
  
Figure 5.13 Graph of wear loss with HAZ hardness 
for Stellite 6 deposited on steel substrates at 1kW and 
a load of 2 kg. 
Figure 5.14 Graph of wear loss with HAZ hardness for 
Stellite 6 deposited on steel substrates at 1 kW and a 
load of 5 kg. 
 
  
Figure 5.15 Graph of wear loss with HAZ hardness 
for Stellite 6 deposited on indicated substrates at 1.8 
kW and a load of 2 kg.  
Figure 5.16 Graph of wear loss with HAZ hardness 
for Stellite 6 deposited on indicated substrates at 1.8 
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5.9 Assessment of Factors Affecting Wear of Stellite Coatings 
 
Four factors were considered in analysis of the wear loss data: the deposit hardness, the 
deposit carbon content, the HAZ hardness and the substrate hardness. Figure 5.17 is a 
composite diagram that shows the marked reduction in wear loss with increasing coating 
hardness for both test loads and laser powers.  
 
 
Figure 5.17 Wear loss as a function of estimated coating hardness content for the two laser power inputs and the 
two wear test loads. 
 
The wear loss as a function of estimated carbon content is shown in Figure 5.18. The wear 
loss became significant occurred when the coating carbon content fell below about 0.8% C 
and was higher for the 1.8 kW deposits tested at the higher load. For the lower wear test load 
of 2 kg, the difference in wear loss with carbon content was relatively insensitive to the laser 
power used for coating deposition. However, the higher test load resulted in a marked 
deviation in wear loss with laser power below a coating carbon content of about 0.8%. 
Evidently, the reduction in coating C content because of the increase in the deposition power 
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Figure 5.18 Wear loss as a function of estimated coating carbon content for the two laser power inputs and the 
two wear test loads. 
 
 
The wear loss as a function of substrate hardness is presented in Figure 5.19, as functions of 
test load and laser power. The graph indicates that the wear loss is relatively insensitive to 
substrate hardness for hardness levels higher than about 225 HV. For softer substrates, the 
wear loss sharply accelerates, indicating that Stellite coating of substrates of limited hardness 
will not be effective in controlling wear under service conditions (Richardson, 1987). 
 
 
Figure 5.19 Wear loss as a function of substrate hardness.  
 
 
Figure 5.20 is a plot of wear loss as a function of HAZ hardness. The highest wear losses 
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particularly for the 5 kg test load, for coatings with HAZ hardness below 450 HV indicates 
that the hardenability of the substrate affects the wear resistance of the coating.  
 
 
Figure 5.20 Wear loss as a function of HAZ hardness.  
 
The relative importance of the four factors: coating hardness, coating C content, substrate 
hardness and HAZ hardness was analysed in more detail by curve fitting of the data and 
estimation of correlation coefficients.  
 
It should be noted that these four factors are not independent, but are closely interrelated. The 
coating hardness is strongly related to its carbon content, which in turn depends on the carbon 
content of the substrate through the dilution effect. In addition, the carbon content of the 
substrate is a major factor in determining its hardenability and therefore, the HAZ hardness. 
Nevertheless, curve fitting of the data was used in an attempt to assess the most significant of 
these four factors in determining the wear loss. 
 
Figure 5.21 shows the consistency of the wear loss versus coating hardness data with 
exponential relationships. The high R
2
 values ( > 0.85) indicate that the data can be described 
well by an exponential increase in wear loss with decreasing hardness. Therefore the wear 
loss (y, in grams) for the wear test employed can be predicted with reasonable accuracy by an 
equation of the form:  y = k e
-0.013x
 , where x is the coating hardness and k is a constant that 
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Figure 5.21 Wear loss and coating hardness with exponential relationships for the two laser power inputs and 
the two wear test loads. 
 
Figure 5.22 records the analysis of the effect of estimated carbon content on wear loss. Again, 
close correlations are found with exponential relationships (R
2
 values> 0.88). This result is to 
be expected based on the linear relationship between estimated coating carbon content and 
hardness (Figures 5.3 and 5.4). 
 
Figure 5.22 Wear loss and estimated coating carbon content data with exponential relationships for the two 
laser power inputs and the two wear test loads. 
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Figure 5.23 analyses the substrate hardness data. Although the correlation with an 
exponential relationship is relatively high (R
2
 ~ 0.76-0.86), the hardness range is limited 
(200-350 HV) and a sharp upturn in wear rate occurs for a substrate hardness less than about 
225 HV.  
 
Figure 5.23 Wear loss and substrate hardness data with exponential relationships for the two laser power inputs 
and the two wear test loads. 
The poorest correlation of the wear loss data with an exponential fit was found for the HAZ 
hardness (Figure 5.24). The R
2
 values ranged from 0.40 to 0.53. The sharp increase in wear 
loss associated with a HAZ hardness lower than about 450 HV is clearly inconsistent with an 
exponential fit for the data.  
y = 0.2392e-0.014x 
R² = 0.8589 
y = 0.3599e-0.011x 
R² = 0.8313 
y = 0.2261e-0.013x 
R² = 0.8079 
y = 1.7809e-0.015x 
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Figure 5.24 Wear loss and HAZ hardness data with exponential relationships for the two laser power inputs and 
the two wear test loads. 
Although the fit with an exponential relationship is relatively weak for the data of Figures 
5.23 and 5.24, better curve fitting may be obtained by using other relationships such as log or 
power functions. Overall however, it can be inferred from the above analysis that the coating 
hardness and carbon content (which largely determines its hardness) are the major influences 
on resistance to sliding wear. The substrate and HAZ hardness values, which also depend 
strongly on carbon content, are secondary factors, particularly for the 
ferritic/martensitic/bainitic substrates. However, these factors become more significant for 
the softer austenitic substrates with lower HAZ hardness values. Plastic deformation becomes 
possible underneath the coating due to the wear loading and potentially, wear can also extend 
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Stellite 6 powder was deposited by laser cladding on a variety of ferritic and austenitic steel 
substrates: medium carbon steel, nickel-based superalloy, martensitic stainless steel, 
austenitic stainless steel, and the chromium-bearing creep resistant alloys P22 and P91. The 
results showed lower wear loss and less surface cracking and pore development for Stellite 6 
coatings applied at the lower power input (1 kW) for all of the steel substrates.  
 
Calculations of the dilution of the coating indicated significantly lower dilution of the Stellite 
coatings for the lower laser power. In general, the extent of dilution increased with the alloy 
content of the substrate, because of lowering of the fusion temperature range, particularly for 
the two austenitic substrates. Less dilution of the high carbon Stellite coating resulted in a 
higher residual C content. Therefore, it can be concluded that the higher wear resistance of 
coatings produced with lower power is due to the higher hardness resulting from lower 
dilution and the associated higher C content of the coating. Carbon increases hardness by 
interstitial solid solution strengthening and increased formation of alloy carbides. Grain 
coarsening or other types of reactions during solidification of the coating could be the main 
reason for the softening instead of dilution effect.  
 
The wear loss as a function of coating hardness was found to correspond closely to an 
exponential relationship with a high correlation coefficient. A similar close fit with an 
exponential relationship was found for wear loss and estimated coating carbon content. This 
result is consistent with the linear relationship established between coating hardness and 
carbon content.  
 
The type of alloy steel substrate was also found to exert an influence on the wear 
performance of the Stellite coating. In particular, low carbon austenitic substrates (the nickel-
based superalloy and the austenitic stainless steel) exhibited high wear losses, whilst higher C 
martensitic/bainitic/ferrite-pearlite steel substrates showed significantly higher coating wear 
resistance. These results did not correlate strongly with an exponential relationship between 
wear loss and hardness, particularly for the heat affected zone (HAZ) underlying the coating. 
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The wear loss increased sharply for HAZ hardness below about 450 HV and substrate 
hardness below about 225 HV. The hardness of the HAZ and the unaffected substrate 
microstructure increased with increasing C content, which also resulted in reduced loss of C 
by dilution of the Stellite coating.  
 
It is concluded that the nominal composition, microstructure and hardness of all-weld 
deposits of Stellite 6 do not provide a sound guide to its composition, structure and properties 
in thin coatings deposited on a steel or nickel-based substrate. The coating-substrate couple 
must be considered in assessing the likely performance of the coating under service 
conditions.  
 
The results of this systematic study provide insights into the wear resistance of different 
substrate materials after laser cladding with Stellite 6 powdered alloy. Modification of the 
composition of the coating by the substrate alloy and different laser powers is shown to have 
a marked effect on wear resistance. This information is potentially useful for industrial 
surface engineering applications designed to reduce costs and to provide longer life in 
































Title: Comparative Study of Effect of Power Input on Eutalloy Deposited on Wear 






Eutalloy powder is one of the important products for surface engineering application. Surface 
hardness is a very critical quality index for wear resistance. A high quality coating not only 
can endure life of the materials, but also has a reducing cost for replacing a material. This 
project will develop a new coated sample that has superior wear resistance.  
 
Some literatures have shown this study on wear resistance of Eutalloy, however, the study on 
this material is very limited on powder of Eutalloy deposited on wear resistant steel substrate 
by Laser-cladding and Thermal-sprayed 
 
This purpose of this project is to evaluate the sliding wear characteristics of Eutalloy coating 
materials produced by laser cladding of wear resistant steel substrates (Creusabro 4800 and 
8000) using different power input. The sliding wear tests were carried out on a flat sample in 
an unlubricated (dry) condition using a reciprocating wear tester with a tool steel ball. The 
effect of the dilution is evaluated by calculating dilution. 
 
This research will contribute to industry as proposed alternative materials for surface 
engineering applications that can reduce cost when the developed materials will provide a 
longer life and will be of particular benefit to companies producing car parts or any products 




The laser cladding process for the wear resistant steel substrates with Eutalloy will be carried 
out by a laser company in Sydney, Australia, using 1 kW and 1.8 kW laser power input. The 







 Wear Testing 
 
- Will be conducted whether on ball on flat sample or pin on disc mode.  
- The tests were carried out unlubricated, using loads of 2 and 5 kg and a speed of 50 




- Will produce a wear performance/characteristic of Eutalloy coated samples upon 
conducting laser cladding and thermal sprayed as well as wear testing. 
- Compare the wear characteristic and dilution level of Eutalloy coated samples with 
different coating techniques (Laser-cladding and Thermal-sprayed) 
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Note: A is laser power input of 1 kW; B is laser power input of 1 kW; C is laser power input 
















Weight before Tests (g) 
       
         
         
                P 91-1.8 
  
   ASS-1.8 
   
         58.7823 
   
51.4896 
    58.7823 
   
51.4895 
    58.7823 
   
51.4897 
    58.7824 
   
51.4897 
    58.7822 
   
51.4895 
     Average 58.7823 
  
Average 51.4896 
     St Dev 7.07107E-05 
  
St Dev 1E-04 
    
         
               NIS-1.8 
  
     P 22-1 
   
         50.1765 
   
74.9631 
    50.1764 
   
74.9632 
    50.1765 
   
74.963 
    50.1765 
   
74.9631 
    50.1765 
   
74.9632 
   Average 50.17648 
  
Average 74.96312 
   St Dev 4.47214E-05 
  
St Dev 8.3666E-05 
    
         
               MSS-1.8 
  
     ASS-1 
   
         50.8332 
   
40.7132 
    50.8331 
   
40.7131 
    50.8332 
   
40.7134 
    50.8333 
   
40.713 
    50.8332 
   
40.713 
   Average 50.8332 
  
Average 40.71314 
   St Dev 7.07107E-05 
  
St Dev 0.000167332 
    
         
               MSS-1 
  
      NIS-1 
   
         43.46 
   
58.1121 
    43.4601 
   
58.1119 
    43.4601 
   
58.1121 
    43.4601 
   
58.112 
    43.4598 
   
58.1119 
   Average 43.46002 
  
Average 58.112 
   St Dev 0.000130384 
  
St Dev 1E-04 




        
  
              MS-1 
  
      P 22-1.8 
   
         74.9031 
   
76.6395 
    74.9031 
   
76.6395 
    74.903 
   
76.6395 
    74.903 
   
76.6395 
    74.9032 
   
76.6395 
   Average 74.90308 
  
Average 76.6395 
   St Dev 8.3666E-05 
  
St Dev 0 
    
         
               MS-1.8 
  
     P 91-1 
   
         66.291 
   
59.3494 
    66.2911 
   
59.3493 
    66.2913 
   
59.3492 
    66.291 
   
59.3492 
    66.291 
   
59.3492 
   Average 66.29108 
  
Average 59.34926 
   St Dev 0.000130384 
  
St Dev 8.94427E-05 
   
         
         
         Weight after tests (g) 
       
         
 




Time : 200 minutes 
No of revolutions 
10,000 
 
         
                P 91-1.8 
  
      ASS-1.8 
   
         58.7778 
   
51.4806 
    58.7779 
   
51.4806 
    58.7779 
   
51.4806 
    58.7778 
   
51.4806 
    58.7778 
   
51.4806 
       Average 58.77784 
  
Average 51.4806 
       St Dev 5.47723E-05 
  
St Dev 0 
    
         
               NIS-1.8 
  
      P 22-1 
   
         50.1499 
   
74.9598 
    50.1498 
   
74.9598 
    50.1498 
   
74.9598 
    50.1498 
   
74.9598 
    50.1499 
   
74.9597 
       Average 50.14984 
  
Average 74.95978 
       St Dev 5.47723E-05 
  
St Dev 4.47214E-05 











               MSS-1.8 
  
      ASS-1 
   
         50.83 
   
40.7049 
    50.83 
   
40.7047 
    50.83 
   
40.7048 
    50.83 
   
40.7048 
    50.8301 
   
40.7048 
        Average 50.83002 
  
Average 40.7048 
        St Dev 4.47214E-05 
  
St Dev 7.07107E-05 
    
         
               MSS-1 
  
       NIS-1 
   
         43.4579 
   
58.0934 
    43.4579 
   
58.0933 
    43.4578 
   
58.0934 
    43.4578 
   
58.0931 
    43.4579 
   
58.0931 
        Average 43.45786 
  
Average 58.09326 
        St Dev 5.47723E-05 
  
St Dev 0.000151658 
    
         
                MS-1 
  
      P 22-1.8 
   
         74.901 
   
76.6358 
    74.901 
   
76.6356 
    74.9009 
   
76.6358 
    74.9009 
   
76.6357 
    74.9011 
   
76.6356 
        Average 74.90098 
  
Average 76.6357 
        St Dev 8.3666E-05 
  
St Dev 0.0001 
    
         
               MS-1.8 
  
      P 91-1 
   
         66.2882 
   
59.3455 
    66.2882 
   
59.3455 
    66.2881 
   
59.3455 
    66.2882 
   
59.3455 
    66.2881 
   
59.3455 
        Average 66.28816 
  
Average 59.3455 
        St Dev 5.47723E-05 
  
St Dev 0 
   







Weight before tests (g) 
       
         
         
         
                P 91-1.8 
  
      ASS-1.8 
   
         58.7778 
   
51.4806 
    58.7779 
   
51.4806 
    58.7779 
   
51.4806 
    58.7778 
   
51.4806 
    58.7778 
   
51.4806 
        Average 58.77784 
  
Average 51.4806 
        St Dev 5.47723E-05 
  
St Dev 0 
    
         
                NIS-1 
  
      P 22-1 
   
         58.0934 
   
74.9598 
    58.0933 
   
74.9598 
    58.0934 
   
74.9598 
    58.0931 
   
74.9598 
    58.0931 
   
74.9597 
        Average 58.09326 
  
Average 74.95978 
        St Dev 0.000151658 
  
St Dev 4.47214E-05 
    
         
               MSS-1.8 
  
      ASS-1 
   
         50.83 
   
40.7049 
    50.83 
   
40.7047 
    50.83 
   
40.7048 
    50.83 
   
40.7048 
    50.8301 
   
40.7048 
        Average 50.83002 
  
Average 40.7048 
        St Dev 4.47214E-05 
  
St Dev 7.07107E-05 
    
         
               MSS-1 
  
       NIS-1.8 
   
         43.4579 
   
50.1499 
    43.4579 
   
50.1498 
    43.4578 
   
50.1498 
    43.4578 
   
50.1498 
    43.4579 
   
50.1499 
        Average 43.45786 
  
Average 50.14984 
        St Dev 5.47723E-05 
  
St Dev 5.47723E-05 
    
         
        
 





















    
      P 22-1.8 
    74.9005 
   
76.6358 
    74.9004 
   
76.6356 
    74.9004 
   
76.6358 
    74.9004 
   
76.6357 
    74.9003 
   
76.6356 
         Average 74.9004 
  
Average 76.6357 
         St Dev 7.07107E-05 
  
St Dev 0.0001 
    
         
               MS-1.8 
  
      P 91-1 
   
         66.2882 
   
59.3455 
    66.2882 
   
59.3455 
    66.2881 
   
59.3455 
    66.2882 
   
59.3455 
    66.2881 
   
59.3455 
         Average 66.28816 
  
Average 59.3455 
         St Dev 5.47723E-05 
  
St Dev 0 
   
         
         
         Weight after tests (g) 
       
         
 




Time : 200 minutes 
No of revolutions 
10,000 
 
         
                P 91-1.8 
  
      ASS-1.8 
   
         58.7509 
   
51.4513 
    58.7509 
   
51.4514 
    58.751 
   
51.4514 
    58.7512 
   
51.4514 
    58.7511 
   
51.4514 
         Average 58.75102 
  
Average 51.45138 
         St Dev 0.000130384 
  
St Dev 4.47214E-05 
    
         
                NIS-1.8 
  
      P 22-1 
   
         58.0295 
   
74.9509 
    58.0296 
   
74.9508 
    58.0295 
   
74.9508 
    58.0295 
   
74.9509 
    58.0295 
   
74.9509 
         Average 58.02952 
  
Average 74.95086 
         St Dev 4.47214E-05 
  
St Dev 5.47723E-05 
    
 
 







               MSS-1.8 
  
      ASS-1 
   
         50.8069 
   
40.6873 
    50.807 
   
40.6873 
    50.8071 
   
40.6876 
    50.8072 
   
40.6876 
    50.8069 
   
40.6872 
         Average 50.80702 
  
Average 40.6874 
         St Dev 0.000130384 
  
St Dev 0.000187083 
    
         
               MSS-1 
  
       NIS-1 
   
         43.4466 
   
49.963 
    43.4465 
   
49.963 
    43.4467 
   
49.963 
    43.4467 
   
49.963 
    43.4465 
   
49.963 
         Average 43.4466 
  
Average 49.963 
         St Dev 1E-04 
  
St Dev 0 
    




               MS-1 
  
      P 22-1.8 
   
         74.8925 
   
76.6167 
    74.8924 
   
76.6167 
    74.8924 
   
76.6167 
    74.8924 
   
76.6167 
    74.8923 
   
76.6165 
          Average 74.8924 
  
Average 76.61666 
          St Dev 7.07107E-05 
  
St Dev 8.94427E-05 
    
         
               MS-1.8 
  
      P 91-1 
   
         66.2762 
   
59.3328 
    66.2761 
   
59.3328 
    66.2762 
   
59.3326 
    66.2762 
   
59.3327 
    66.2761 
   
59.3328 
          Average 66.27616 
  
Average 59.33274 
          St Dev 5.47723E-05 
  
St Dev 8.94427E-05 
   







Weight before Tests (g) 
 
 
       P 91-1.8  
 






    
 






























       St Dev 0.000207364  
 











    
 
       NIS-1.8  
 






    
 






























       St Dev 5.47723E-05  
 











    
 
       MSS-1.8  
 






    
 






























       St Dev 7.07107E-05  
 











    
 
       MSS-1  
 






    
 






























       St Dev 0.000130384  
 

















       MS-1  
 






    
 






























       St Dev 0.000148324  
 











    
 
       MS-1.8  
 






    
 






























       St Dev 5.47723E-05  
 
St Dev 0.000194936 
 
 
        
        
        Weight after tests (g) 
      
        
 
Load 2 kg  Speed 50 rpm 
 
Time : 200 minutes 
No of revolutions 
10,000 
        
               P 91-1.8  
 






    
 






























       St Dev 0.000207364  
 











    
 
        NIS-1.8  
 






    
 






























       St Dev 5.47723E-05  
 




















       MSS-1.8  
 






    
 






























       St Dev 7.07107E-05  
 











    
 
       MSS-1  
 






    
 

























       Average 43.44292  
 
St Dev 49.94332 
 
 













    
 
        MS-1  
 






    
 






























       St Dev 0.000148324  
 











    
 
       MS-1.8  
 






    
 






























       St Dev 5.47723E-05  
 









Weight before tests (g) 
       
         
         
         
                P 91-1.8  
 






   
  

























       Average 58.74548   Average 51.44048 
 
  











   
  
        NIS-1.8  
 






   
  

























       Average 58.0101   Average 74.94674 
 
  











   
  
       MSS-1.8  
 






   
  

























       Average 50.79748   Average 40.67564 
 
  











   
  
       MSS-1  
 






   
  

























       Average 43.43734   Average 49.88958 
 
  














   




        MS-1  
 






   
  

























      Average 74.88648   Average 76.59916 
 
  












   
   
  
       MS-1.8  
 






   
  

























      Average 66.27062   Average 59.32452 
 
  
      St Dev 4.47214E-05   St Dev 0.000130384 
 
  
         
         
         Weight after tests (g) 
       
         
 




Time : 200 minutes 
No of revolutions 
10,000 
 
         
                P 91-1.8  
 






    
  






























      St Dev 1E-04  
 











    
  
        NIS-1.8  
 






    
  






























      St Dev 0  
 















       MSS-1.8  
 






    
  






























       St Dev 8.94427E-05  
 













    
  
       MSS-1  
 






    
  






























      St Dev 8.94427E-05  
 











    
  
        MS-1  
 






    
  






























      St Dev 5.47723E-05  
 











    
  
       MS-1.8  
 






    
  






























      St Dev 0.000109545  
 










Weight before Tests (g) 
       
         
         
                P 91-1.8  
 






   
  

























      Average 58.7148   Average 51.417 
 
  











   
  
       NIS-1.8  
 






   
  

























      Average 57.9477   Average 74.93784 
 
  











   
  
       MSS-1.8  
 






   
  

























      Average 50.78084   Average 40.65172 
 
  











   
  
       MSS-1  
 






   
  

























      Average 43.42416   Average 49.6625 
 
  





   









       MS-1  
 






   
  

























    Average 74.86876   Average 76.60328 
 
  











   
  
       MS-1.8  
 






   
  

























      Average 66.25878   Average 59.24836 
 
  
      St Dev 0.000109545   St Dev 5.47723E-05 
 
  
         
         
         Weight after tests (g) 
       
         
 




Time : 200 minutes 
No of revolutions 
10,000 
 
         
                P 91-1.8  
 






   
 

























       Average 58.70834   Average 51.40704 
 
 











   
 
         NIS-1.8  
 






   
 

























       Average 57.92322   Average 74.93514 
 
 













   





       MSS-1.8  
 






   
 

























        Average 50.77536   Average 40.64304 
 
 











   
 
        MSS-1  
 






   
 

























        Average 43.41728   Average 49.63486 
 
 











   
 
         MS-1  
 






   
 

























        Average 74.86138   Average 76.59916 
 
 











   
 
        MS-1.8  
 






   
 

























        Average 66.25316   Average 59.24048 
 
 










Weight before tests (g) 
       
         
         
         
                P 91-1.8  
 






   
  

























       Average 58.70834   Average 51.40704 
 
  











   
  
        NIS-1.8  
 






   
  

























      Average 57.92322   Average 74.93514 
 
  











   
  
       MSS-1.8  
 






   
  

























      Average 50.77536   Average 40.64304 
 
  











   
  
       MSS-1  
 






   
  

























      Average 43.41728   Average 49.63486 
 
  





















        MS-1  
 






   
  

























       Average 74.86138   Average 76.5844 
 
  












   
   
  
       MS-1.8  
 






   
  

























       Average 66.25316   Average 59.24048 
 
  
       St Dev 8.94427E-05   St Dev 8.3666E-05 
 
  
         
         
         Weight after tests (g) 
       
         
 




Time : 200 minutes 
No of revolutions 
10,000 
 
         
                P 91-1.8  
 






   
 

























       Average 58.69098   Average 51.38346 
 
 











   
 
         NIS-1.8  
 






   
 

























        Average 57.82246   Average 74.92424 
 
 
















       MSS-1.8  
 






   
 

























        Average 50.75308   Average 40.6232 
 
 















   
 
        MSS-1  
 






   
 

























        Average 43.4043   Average 49.41174 
 
 











   
 
         MS-1  
 






   
 

























        Average 74.85236   Average 76.56882 
 
 











   
 
        MS-1.8  
 






   
 

























       Average 66.23546   Average 59.22086 
 
 


























For a C content of the base metal or substrate of [C]BM wt% and a C content of the Stellite of  
[C]S wt%, the estimated C content of the weld deposit [C]WD wt% is given by (Meriadeau et 
al., 1997):  
 
                                       [C]WD = D.[C]BM+(1-D).[C]S 
 
The nominal carbon content [C]S of the Stellite 6 alloy is 1.0 wt% C. Therefore, 
 
                                       [C]WD = D.[C]BM+ (1-D). 
 
 
Calculation of Dilution, D: 
 
1. Austenitic Stainless Steel 1 kW (ASS 1) 
 
Area A: 105754.446 µm2 
 
Area B: 561466.0335 µm2 
 













2. Austenitic Stainless Steel 1.8 kW (ASS 1.8)  
 
Area A: 441629.143 µm2 
 
Area B: 1475301.224 µm2 
 




3. Medium Steel 1 kW (MS 1)  
 
Area A: 27986.262 µm2 
 
Area B: 684674.498 µm2 
 




4. Medium Steel 1.8 kW (MS 1.8)  
 
Area A: 111836.266 µm2 
 
Area B: 904302.372 µm2 
 




5. Martensitic Stainless Steel 1 kW (MSS 1)  
 
Area A: 91187.745 µm2 
 
Area B: 763797.494 µm2 
 




6. Martensitic Stainless Steel 1.8 kW (MSS 1.8)  
 
Area A: 294824.883 µm2 
 
Area B: 1028341.835 µm2 
 






7. P22 1 kW (P22-1) 
 
Area A: 33504.401 µm2 
 
Area B: 725704.533 µm2 
 




8. P22 1.8 kW (P22-1.8) 
 
Area A: 177074.912 µm2 
 
Area B: 904045.255 µm2 
 





9. P91 1 kW (P91-1) 
 
Area A: 69332.749 µm2 
 
Area B: 805707.663 µm2 
 




10. P91 1.8 kW (P91-1.8) 
 
Area A: 115010.680 µm2 
 
Area B: 1157493.983 µm2 
 




11. Nickel Superalloy 1 kW (NIS 1)  
 
Area A: 586267.681 µm2 
 
Area B: 1095884.651 µm2 
 






12. Nickel Superalloy 1.8 kW (NIS 1.8)  
 
Area A: 999890.784 µm2 
 
Area B: 1450746.493 µm2 
 











Calculation of Coating Carbon Content, [C]WD: 
 
 Substrate      Laser power:   1 kW  1.8 kW  
 
1. Medium Carbon Steel, [C]BM = 0.536 wt%    0.982 wt% 0.944 wt% 
 
2. Nickel Superalloy,[C]BM = 0.04 wt%)     0.665 wt% 0.608 wt% 
 
3. Martensitic Stainless Steel, [C]BM = 0.13 wt%    0.897 wt% 0.842 wt% 
 
4. Austenitic Stainless Steel,[C]BM = 0.08 wt%    0.854 wt% 0.795 wt% 
 
5. P22, [C]BM = 0.11 wt%       0.961 wt% 0.855 wt% 
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